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Abstract 
 Silver Bow Creek (SBC) – the headwaters for the Clark Fork River – is impaired for total 
nitrogen (TN) and total phosphorus (TP), as well as several heavy metals, including arsenic, 
cadmium, copper, lead, and mercury.  Blacktail Creek (BTC) is the main tributary of SBC, with 
Grove Gulch entering BTC before it discharges into SBC.  Grove Gulch flows approximately six 
miles before entering BTC approximately 75 feet upstream of Lexington Avenue, and the stream 
drains primarily open, rolling range, a historic metal milling site (Timber Butte zinc mill) and a 
reclaimed mine waste repository that is now Copper Mountain Recreation Complex (CMRC).   
 Surface water samples were collected during six different sampling events at different 
flow stages and locations spanning the entire reach of Grove Gulch, and analyzed for heavy 
metals and nutrients.  The results indicated that there are consistently high levels of TP, which 
could be due to the predominant geologic formations in the Grove Gulch drainage.  The TN and 
TP concentrations increased linearly from upstream to downstream locations, especially during 
storm runoff events.  Private land that is used for grazing appears to be a potential non-point 
source of TN and TP, as well as the wetland areas that contribute high algal growth near the 
mouth of Grove Gulch.  The longitudinal sampling also indicated that Grove Gulch is 
contributing significant levels of heavy metals into BTC, primarily zinc, copper, lead, and iron, 
with elevated concentrations downstream of the CMRC for both base flow and storm water 
runoff samples.  This substantial increase in heavy metals downstream of the CMRC suggests 
that the groundwater is flowing through the mine tailings before entering Grove Gulch, with 
additional contamination possibly coming from surface runoff near the reclaimed mine waste 
repository.   
 To reduce the nutrient loading and heavy metals in Grove Gulch, two primary best-
management practices (BMPs) are suggested for implementation.  Vegetated stream buffers at 
selected sites along Grove Gulch could reduce the TN and TP loading in the creek.  Additionally, 
a passive subsurface bioreactor system that could be located near the wetlands or near the creek’s 
discharge point with BTC could precipitate out the heavy metals of concern, as well as convert 
the nitrates to nitrogen gas before they enter BTC.  The treatment of pollutants in headwater 
streams such as Grove Gulch is more feasible and efficient than treatment in higher-order 
streams such as Silver Bow Creek. 
 
 
 
 
 
Keywords: nutrients, heavy metals, Grove Gulch, Copper Mountain Recreational Complex 
(CMRC), best management practices
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1. Introduction 
1.1. Heavy Metals in Surface Water 
 Metals can enter aquatic environments from multiple sources, and are transported through 
a variety of mechanisms.  The majority of metals are naturally occurring as a result of the 
geochemical cycle (e.g. weathering of minerals), but are often added to the natural environment 
and surface water bodies as a result of anthropogenic sources (Zarazua, 2006).  These sources 
can include industrial and domestic effluents, urban and rural storm water runoff, landfill 
leachate, historic mining and mining activities, and atmospheric sources (Zarazua, 2006).  
 The trace elements and heavy metals in dissolved form are some of the most common 
environment pollutants, and can lead to many unfavorable consequences.  Concentrations of 
heavy metals that exceed local surface water quality standards are not only toxic to the entire 
stream ecosystem, but can also bio-accumulate in aquatic life tissue.  Heavy metals such as 
cadmium, copper, iron, lead, mercury, and zinc are commonly found in surface water bodies 
affected by mining, milling, and smelting operations.  These metals, even in low doses, cause 
toxic effects in fish and aquatic biota, leading to disease, malignant growth, and death in surface 
water ecosystems. 
 These same heavy metal pollutants that cause negative environmental effects can also 
cause both acute and chronic adverse health effects in humans after consumption in high 
concentrations.  These contaminants, once dissolved in high concentrations in surface water, 
readily pass through the surface water-groundwater interface and can potentially contaminate 
groundwater drinking wells and municipal water supply sources (USGS, 2015).  Table I 
summarizes some of the common heavy metals found in groundwater and their potential health 
effects from human consumption (USGS, 2015). 
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Table I. Common groundwater contaminants and their potential human health effects. 
Contaminant Potential Human Health Effects 
Arsenic 
carcinogen; liver and kidney damage; 
decreases blood hemoglobin 
Cadmium 
high blood pressure; liver and kidney damage; 
anemia 
Copper 
stomach and intestinal distress; liver and 
kidney damage; anemia 
Lead 
delays physical and mental development; 
deficits in hearing and learning; carcinogen 
Mercury 
targets the kidneys; causes nervous system 
disorders 
Nickel 
heart and liver problems can occur after 
exposure to high doses over a lifetime 
Zinc 
ill health effects at high doses; imparts an 
undesirable taste to drinking water 
 
 The Montana Department of Environmental Quality (MTDEQ) established numeric 
standards for heavy metals in ground and surface waters in the Circular DEQ-7 Montana 
Numeric Water Quality Standards report.  These standards apply to total recoverable metals 
concentrations in surface water the entire year (MTDEQ, 2014).  The acute and chronic effects 
of these pollutants were established for surface waters in Montana, and assume a safe water 
quality for aquatic life regardless of geography (MTDEQ, 2014). 
1.2. Nutrient Loading and its Effect on Surface Water Quality 
In natural levels, nutrients are vital and necessary to stream ecosystems.  The primary 
nutrients found in streams – nitrogen and phosphorus – are utilized by aquatic plants and algae 
for natural growth.  These nutrients are either found dissolved in water or found naturally in 
stream sediment, and provide the framework for the aquatic nutrient cycle.  However, 
anthropogenic nutrient sources often inundate the nutrient cycle with excess nitrogen and 
phosphorus, which leads to eutrophication and disruption of the nitrate and phosphate cycles.  
The excess nutrients create high growth rates of aquatic plants, weeds, and algae.  This is often 
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considered aesthetically unpleasing and leads to odors and negative public perception.  
Additionally, a large amount of organic matter in streams usually results in low concentrations of 
dissolved oxygen, which is used in large quantities in the decomposition process.  
Microbiological decomposers use dead plant matter as a food source in addition to the dissolved 
oxygen; thus, eutrophic streams cannot often support healthy aquatic life populations 
(Hamblock, 2015). 
 Excess nutrients in streams often come from point sources (e.g. septic system drain 
fields) or non-point sources, such as land surface runoff that carries nutrient sources to the 
streams (Tong and Chen, 2002).  While point sources are sometimes easy to identify and can 
lead to long-term mitigation measures, non-point sources, particularly from agriculture or 
fertilizer, are often difficult to identify.  Quantification and mitigation of nutrients from non-
point runoff sources is often necessary to decrease surface water nutrient concentrations. 
From a human health perspective, while phosphorus doesn’t cause any known health 
effects, nitrogen (nitrate) can be a potential health hazard.  The human body naturally breaks 
down nitrates to nitrites, which can cause toxicity in higher than normal concentrations.  This 
leads to methemoglobinemia, or blue baby syndrome, which threatens the oxygen-carrying 
capacity of the blood (USGS, 2015).  Ingestion of nitrate-rich water in adults with compromised 
immune systems and infants pose an elevated risk of health hazards (Washington State 
Department of Health, 2012). 
On a national level, the Environmental Protection Agency (EPA) established a maximum 
contaminant level of 10 mg/L of nitrate and 1 mg/L of nitrite (EPA, 2009).  Additionally, the 
MTDEQ established numeric nutrient standards in July 2014 to reduce nutrient loading from 
July 1 to September 30 (MTDEQ, 2014).  These standards apply to both total nitrogen (TN) and 
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total phosphorus (TP), and the standards take into account multiple regions throughout the state 
with varying standards to account for differences in geology, hydrogeology, and background 
levels. 
1.3. Water Quality in Higher-Order Streams 
 Higher-order streams have much more important ecological, economical, social, and 
political ties to them, so clean, pollutant-free water is paramount.  However, smaller, tributary or 
headwater streams that feed a bigger watershed are often overlooked.  Tributary streams often 
contribute a large percentage of a higher-order stream’s flow, so often the best way to reduce 
contamination in higher order streams is through point-source treatment in tributary streams 
before their discharge. 
1.3.1. Upper Clark Fork Watershed 
Blacktail Creek (BTC) is considered to be the headwaters to Silver Bow Creek (SBC), 
which eventually becomes the headwaters of the Clark Fork River.  Together, these waterways, 
along with several other smaller creeks, make up the Upper Clark Fork Watershed, which drains 
a large portion of southwestern Montana.  Figure 1 illustrates this watershed on a spatial scale 
(Hamblock, 2015). 
 The BTC watershed occupies 24,489 acres of land, and BTC has three major tributaries: 
Little Blacktail Creek, Basin Creek, and Grove Gulch (Reedy, 2015).  These tributaries 
contribute a low percentage of BTC flow during base flow and a moderate input during storm 
water runoff (Tucci, 2014). 
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Figure 1. Upper Clark Fork River watershed. 
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1.3.1.1. Background 
Several tributaries of the Upper Clark Fork are currently listed as impaired for both 
nutrients and metals.  SBC is listed as impaired for arsenic, cadmium, copper, lead, mercury, 
nitrates, total nitrogen, total phosphorus and siltation in the Montana 2014 303(d) list (Montana 
DEQ, 2014a).  BTC has significantly elevated concentrations of nutrients (Montana DEQ, 
2014b), and storm water runoff events result in elevated metals concentrations in lower BTC 
(MTDEQ, 2014). 
The impairment listing is determined from a stream’s potential to support beneficial uses, 
which are defined as to be safe for drinking water, fish and waterfowl habitat, recreation, 
agriculture, and industrial activities (Hamblock, 2015).  According to the Montana 303(d) listing, 
SBC is currently listed as ‘Not Supporting” for aquatic life, drinking water, and recreation, but is 
listed as “Supporting” for agricultural activities. 
BTC is one of the several major tributaries to SBC, and contributes the majority of the 
SBC stream flow.  The target TN concentration in these streams is ≤0.300 mg/L and the target 
TP concentration is ≤0.030 mg/L, and both are based from the MTDEQ numeric nutrient criteria 
for the Middle Rockies Ecoregion III (MTDEQ, 2014). 
1.3.1.2. Future Outlook 
To meet the target nutrient concentrations in the Upper Clark Fork, BTC and SBC require 
an average reduction of 91% and 93% of total nitrogen and total phosphorus respectively 
(Montana DEQ, 2014b).  Grove Gulch is the most downstream major tributary to BTC, and 
contributes significant flow to BTC.  It was calculated that during storm runoff events the TN 
and TP loads from Grove Gulch were 4.51 lbs/days and 2.91 lbs/day, respectively.  This implies 
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that both TN and TP loads need to be reduced significantly in Grove Gulch to achieve target 
loads in BTC and higher order streams. 
1.4. Grove Gulch 
The Grove Gulch headwaters are located in primarily open, rolling range and slightly 
forested foothills.  The stream is approximately 6.1 miles long and joins BTC approximately 75 
feet to the east of Lexington Avenue along Interstate I90/15 at Butte, MT.  The entire stream is 
located within the Beaverhead-Deerlodge National Forest, and the surrounding mountain ranges 
are part of the Boulder Batholith geological complex, which stretches from Helena to north of 
Dillon, Montana (MBMG GWIC, 2014).  Figure 2 illustrates the geographical context of the 
Grove Gulch watershed, as well as the locations of the Grove Gulch channel and the Copper 
Mountain Recreational Complex (CMRC). 
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Figure 2. Grove Gulch watershed map. 
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1.4.1. Land-use 
Grove Gulch’s headwaters start on private, undeveloped land and the stream flows for 
approximately three miles through private undeveloped or agricultural open range.  It then enters 
Butte-Silver Bow (BSB) county public land, where it flows northeast through a historic metal 
milling site (Timber Butte Zinc Mill) and a reclaimed waste repository, which is now the 
(CMRC).  The stream then flows into the city limits of Butte, and passes through a combination 
of privately owned and BSB land before flowing due north at its discharge point into BTC. 
The private residences are primarily commercial agricultural or rural residential.  These 
landowners mainly use the land for residence or grazing cows, sheep, and horses.  To a lesser 
extent, the land is used for the production and harvest of grass, with fertilizer being utilized.  The 
public BSB land is managed as a public park at the CMRC, natural wetlands, and an artificial 
detention pond in-stream of Grove Gulch above the CMRC.  This detention pond features an 
approximately 300-foot diameter pond with a non-controllable earthen-berm outlet.  This 
prevents the lower third of Grove Gulch from containing flowing water from approximately mid-
July until the spring snowmelt runoff, except for an approximately quarter mile stretch from 
Lexington Avenue to BTC. 
1.4.2. Hydrogeology 
The flow rate of Grove Gulch is largely dependent on contributions from both 
groundwater and annual precipitation.  The last ten year annual average precipitation in the 
watershed is approximately 12.5 inches (NCDC, 2015).  The rural, open range comprising the 
location of Grove Gulch headwaters, along with the forested slopes at higher elevations, hold 
substantial snowpack for the winter season.  Snow-melt runoff occurs from March through May, 
10 
and late spring/early summer seasonal rain adds to the surface runoff.  Peak flows typically occur 
in late May due to late-season snow-melt runoff. 
The highland spring at the stream’s source contributes groundwater flow year-round, as 
do wetlands along the lower third of the stream.  Considerable groundwater infiltration near BTC 
accounts for nearly all of Grove Gulch’s discharge during the non-runoff months.  The stream is 
mainly characterized as an intermittent gaining stream due to the groundwater influx in the lower 
third of the stream channel. 
Due to Grove Gulch’s low flow, there are no known uses for irrigation or irrigation 
ditches on private residences.  However, the majority of water rights on the upper portion of 
Grove Gulch are held by the landowners, and in-stream ponds are used for livestock watering. 
1.4.3. Stream Classification 
Grove Gulch has a unique classification with regards to its physical attributes and 
sinuosity.  This was supported by the available stream flow data obtained from field 
measurements. 
Grove Gulch can be classified as a Rosgen type B4 stream.  It is predominantly 
moderately entrenched, with an entrenchment ratio of 1.4 to 2.2 (Rosgen, 1994).  It has a 
moderate width to depth ratio, with little to intermittent sinuosity. It has an intermittent slope 
range within the type B classification, with the channel slope varying from 2 to 4%.  In addition, 
the channel material is primarily composed of gravel intermixed with sand, and the stream has 
few riffles or pools, with the exception of the large in-stream ponds, and is composed of many 
runs. 
Grove Gulch has low flow velocity, especially during the summer and fall seasons.  This 
allows suspended material to settle, which causes substrate buildup to occur on the stream bed.  
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This inhibits stream diversity, and has also been shown that sediment deposition impairs the 
stream’s potential for beneficial uses (MTDEQ, 2014b). 
1.4.4. Geology 
The geology encompassing Grove Gulch is a unique composite of geologic formations.  
The entire watershed rests on the Boulder Batholith, which is a granitic pluton from the late 
Cretaceous period (Hamblock, 2015).  The majority of Grove Gulch lies on the Butte Pluton, 
which is a small, individual pluton on the Boulder Batholith (McDonald et al., 2012).  Surficial 
geologic mapping in the Butte area is a focus of continual study due to safety concerns and 
potential hazards from faults in the area, as well as the high value of minerals located in the 
surrounding ores (Hamblock, 2015). 
The geologic composition of the land underneath Grove Gulch is primarily composed of 
intermixed granodioritic rock and aplitic rock, both from the late Cretaceous period, as well as 
the Lowland Creek Volcanics (LCV), from the Eocene period (Lewis, 1998).  These regions lie 
within the Great Falls Tectonic Zone, which is a geological feature spanning central Idaho to 
Saskatchewan (Lewis, 2014).  This zone is characterized by ancient, eroded andesitic volcanos 
(Hamblock, 2015).  Two major eruptions occurred in which widespread ash was dispersed, and 
led to the buildup of approximately 1800 meters of volcanic material cover (Elliot and 
McDonald, 2009).  The volcanic material comprised most of the subsurface for several million 
years, but slow vertical erosion has led to the aplitic rock to be exposed, thus leading to the 
current-day subsurface (McDonald et al., 2012). 
1.5. History of Copper Mountain Park Recreational Complex  
  Before local remediation efforts began in the Grove Gulch watershed, Grove Gulch had 
a much different location than its current-day stream path.  Grove Gulch’s historic discharge was 
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through the Mount Moriah Cemetery into SBC, about 4,000 feet downstream of the confluence 
of BTC and SBC (Tucci, 2014).  Due to flooding issues, Grove Gulch was routed through the 
city of Butte to its current discharge point into BTC.  During the construction of the CMRC, an 
approximately 0.45 mile stretch of Grove Gulch was routed underneath the recreational park, 
below the permanent cover. 
The CMRC has a very long and complex history.  The current location was used for a 
variety of industrial uses, and the operations span more than a century.  The land was first used 
for an ore processing mill, and after its closure the site was used for the Old Butte Municipal 
landfill, and then used as a repository site for the Colorado Smelter tailings, and finally its 
transition to the reclamation and current-day park.  The following sections detail these phases of 
its history. 
1.5.1. Timber Butte Zinc Mill 
The Timber Butte Zinc Mill was built on the face of Timber Butte Mountain, located 
approximately two miles south of the city of Butte.  Butte copper king William Clark built the 
mill and concentrator in 1914, and it was used to process zinc ore from the Elm Orlu Mine, 
where the current-day Berkeley Pit is located.  After Clark’s death in 1925, the Anaconda 
Company acquired the property, and it ran sporadically until it was demolished in 1949 (Oxo 
Foundation, 1973).  However, the concrete bin used to hold ore was never demolished, and can 
be seen today on the north face of Timber Butte.  Figure 3 is an illustration of the Timber Butte 
mill, from the perspective of the current-day CMRC. 
The Timber Butte mill could process 450 tons of ore per day, and early records indicate 
that the ore was very rich in zinc, and came from the Elm Orlu mine at 18% zinc concentrate 
(Oxo Foundation, 1973).  This large throughput of high-concentrate metal led to a considerable 
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degree of contamination in surface soils and storm water runoff, and the associated tailings 
became known as the Clark Tailings. 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Timber Butte Mill and Concentrator (USGW Archives). 
 
1.5.2. Colorado Smelter and Butte Reduction Works 
At the turn of the 20th century, the largest smelter in Butte was William Clark’s Colorado 
Smelter and Butte Reduction Works, located along the banks of SBC.  Figure 4 shows the 
smelter and the tailings it generated in 1906 (CFWEP, 2014).  The Colorado Smelter produced 
up to 12,500 tons of ore per day, until it was closed permanently in 1910 (MTDEQ, 1994). 
The tailings from the Colorado Smelter came to be known as the Colorado Tailings.  The 
fine tailings were discharged directly into SBC, while the coarse tailings were impounded near 
the smelter along the banks of SBC.  Silver, copper, and zinc were the primary metals processed 
at this smelter, and the tailings contained high concentrations of copper, lead, and zinc (MTDEQ, 
1994).  In 1985, loading rates in SBC were reported to be as high as 36 lbs/day for copper and 
320 lbs/day for zinc from above to below the Colorado Tailings (Duaime et al., 1985).  Because 
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the highly mineralized and oxidized material in the tailings was highly erodible, it was 
determined that the tailings were capable of long-term and severe heavy metal addition to SBC 
(Duaime et al., 1985). 
As part of the Butte Area One Superfund Site reclamation, the SBC Reconstruction 
Project was initiated in the 1990s (U.S. EPA, 2006).  In 1998, 1.2 million cubic yards of the 
Colorado tailings from near Centennial Avenue were moved and consolidated with the Clark 
tailings (U.S. EPA, 2006). 
 
 
Figure 4: Colorado Smelter and Butte Reduction Works. 
 
1.5.3. Old Butte Municipal Landfill 
The Old Butte Municipal Landfill served as the Butte-Silver Bow County landfill until its 
closure in 1999.  This landfill was opened on the property previously occupied by the historic 
Timber Butte zinc mill.  The landfill accepted domestic and industrial wastes until its closure, 
and in 1998 the Colorado Tailings were moved into a repository on this site.  Due to the high 
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degree of contamination, a Resources and Conservation Recovery Act (RCRA) corrective action 
was carried out before moving the Colorado Tailings (U.S. EPA, 2006). 
1.5.4. Reclamation and Current Day Use 
After the Colorado Tailings were moved to the Clark Tailings site in 1998, a semi-
flexible membrane cover was installed over the tailings and covered with clean soil.  Grove 
Gulch was routed underneath this liner during this process, and the CMRC was built on this site, 
as seen in Figure 5.  Butte-Silver Bow County and ARCO agreed to move the Colorado mine 
tailings from alongside SBC to the Clark’s tailings site, with ARCO pledging to spend $2.5 
million to build the CMRC. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: Current site of the CMRC. 
 
16 
1.6. Compilation of Previous Surface Water Data 
From 1979 to 2011, the Montana Bureau of Mines and Geology (MBMG) sampled 
surface water at several locations on the lower third of Grove Gulch.  There were four total 
locations that were sampled (Rowe Road, Hanson Road, downstream of the landfill, and 
upstream of the landfill).  The landfill was reclaimed into what is now the CMRC in 1998, and 
the latest sampling event for the upstream and downstream locations was completed in 1995.  
This data is available in MBMG’s online Ground Water Information Center (GWIC).  Table II 
compiles this data, with the previous sample locations, date, nutrients, and dissolved metals of 
interest listed (MBMG, 2014). 
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Table II. Previous MBMG Grove Gulch surface water data compiled from GWIC 
Sample Site ID 
Sample 
Date 
Latitude Longitude 
NO3 (NO3-
N) (mg/L) 
PO4 (PO4-
N) (mg/L) 
As 
(µg/L) 
Cu 
(µg/L) 
Fe 
(mg/L) 
Pb 
(µg/L) 
Zn 
(µg/L) 
GG @ Rowe 
Road 
2/15/2001 45.985415 -112.533886 N.A. <0.1 10.5 2.2 N.A. <2.0 69.2 
GG @ Rowe 
Road 
2/15/2001 45.985382 -112.533427 N.A. <0.1 2.04 558 N.A. 2.43 1570 
GG @ Rowe 
Road 
2/10/2011 45.985382 -112.533427 0.278 <0.1 1.02 426 0.021 <0.2 1063 
GG @ Hanson 
Road 
7/12/1995 45.982878 -112.538449 <0.25 <0.1 12.6 5.5 0.076 <2.0 4.2 
GG @ Hanson 
Road 
7/12/1995 45.982878 -112.538449 N.A. N.A. 20 22.7 2.2 20.1 87.5 
GG @ Hanson 
Road 
2/8/1996 45.982878 -112.538449 0.5 N.A. 15 18.5 N.A. <2.0 16.7 
GG @ Hanson 
Road 
2/8/1996 45.982878 -112.538449 N.A. N.A. 41.6 116.5 N.A. 216.2 584 
GG 
Downstream 
of Landfill 
6/12/1979 45.981031 -112.54242 0.053 N.A.  N.A. 7.0 0.454 80 <4.0 
GG 
Downstream 
of Landfill 
5/15/1991 45.981031 -112.54242 0.107 <0.1 
7.2 
 
19.0 0.6 <40 53 
GG 
Downstream 
of Landfill 
3/6/1992 45.981031 -112.54242 0.361 <0.1 7.0 5.0 .533 0.5 30 
GG 
Downstream 
of Landfill 
6/19/1992 45.981031 -112.54242 0.05 <0.1 10.0 <10.0 0.18 <100 20 
GG 
Downstream 
of Landfill 
8/20/1992 45.981031 -112.54242 1.28 <0.1 14.7 1.9 2.55 <1.0 36 
GG 
Downstream 
of Landfill 
8/26/1993 45.981031 -112.54242 0.17 <0.15 10.2 14.6 0.278 <2.0 327 
GG 
Downstream 
of Landfill 
8/26/1993 45.981031 -112.54242 N.A.  N.A.  105 163 13.7 153 760 
GG 
Downstream 
of Landfill 
5/16/1995 45.981031 -112.54242 <0.05 <0.1 8.2 4.8 0.041 <2.0 11.6 
GG Upstream 
of Landfill 
6/11/1979  45.972737 -112.557922 0.059 0.053 <0.10 N.A. 9.0 <40 <4.0 
GG Upstream 
of Landfill 
6/11/1979 45.972737 -112.557922 0.199 0.443 
<
<0.10 
N.A. 9.0 <40 <4.0 
GG Upstream 
of Landfill 
6/11/1979  45.971816 -112.559214 0.183 0.053 
<
<0.10 
N.A. 12.0 <40 <4.0 
GG Upstream 
of Landfill 
6/12/1979  45.972737 -112.55663 0.180 0.350 
<
<0.10 
N.A. 9.0 <40 <4.0 
GG Upstream 
of Landfill 
5/15/1991 45.972737 -112.55663 0.145 0.150 
<
<0.10 
5.3 21.0 <40 <6.0 
GG Upstream 
of Landfill 
3/6/1992  45.972737 -112.55663 0.252 0.239 
<
<0.10 
8.0 11.0 1.30 <8.0 
GG Upstream 
of Landfill 
6/19/1992 45.972737 -112.55663 0.069 0.038 
<
<0.10 
6.9 12.0 <100.0 <100.0 
GG Upstream 
of Landfill 
8/20/1992 45.972737 -112.55663 0.099 <0.10 
<
<0.10 
6.4 18.2 <3.0 <100.0 
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1.7. Potential Nutrient Sources 
When pollutants enter a surface water body, they can originate from a variety of sources.  
These sources are classified in one of two categories: point sources and non-point sources (NPS).  
Point sources are discharged from a single location, and contamination into surface water occurs 
at the point of release.  NPSs can distribute pollutants over a large area, and a great distance of 
overland flow can occur before contamination with surface water.  This makes NPS very 
difficult to locate and mitigate. 
A study by the Environmental Protection Agency (EPA) concluded that stream nutrient 
levels are highly correlated to land-use (Omernik, 1976).  The land-use categories that contribute 
the greatest nutrient loads are primarily rural, agricultural land, followed by developed land and 
forests (Carpenter et al., 1998). 
1.7.1. Anthropogenic Sources 
In rural settings, runoff from agriculture, pasture, hay and alfalfa fields, and logging 
operations, as well as leachate from defective septic systems are the most common 
anthropogenic sources (Carpenter et al., 1998).  The majority of Grove Gulch watershed can be 
classified as rural, and most private landowners utilize septic systems.  In addition, the land 
surrounding Grove Gulch is sometimes used for agriculture. 
1.7.1.1. Agriculture 
The primary sources of nitrogen and phosphorus in agricultural settings is from NPS 
runoff from fertilizer application and animal manure (Carpenter et al., 1998).  The land-use in 
terms of agriculture varies from each individual landowner along Grove Gulch.  In general terms, 
cows, horses, and sheep are allowed to graze in pastures year-round in the upper reaches of the 
watershed.  Intermixed fields are maintained for hay and alfalfa production, although this is 
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much less common.  It is not known whether fertilizer is used on these fields; however, their use 
would be very small scale if fertilizer use did occur. 
 Phosphorus in soil is primarily in the form of orthophosphate.  Organic phosphorus is 
often mineralized by soil microorganisms, and makes up a smaller percentage of the phosphorus 
in manure (Zhang et al., 2003).  The phosphorus intermixed with soil molecules on the surface or 
in the upper layer of soil can be transported to surface water by overland runoff.   
 The nitrates in fertilizers are highly soluble and generally remain in solution.  However, 
organic nitrogen is generally insoluble and unavailable to plants, but can be mineralized by soil 
microbes to produce soil ammonium (Murphy et al., 2000).  Ammonium can also be easily 
transported by runoff conditions or flooding found in top soil. 
1.7.1.2. Septic System Drain Fields 
 The waste entering a septic system is composed of organic nitrogen, and the anaerobic 
conditions of the septic system leads to ammonification, which converts the available nitrogen to 
ammonium (Toor et al., 2014).  The waste that leaves the septic system via the septic drain field 
contains both the ammonium as well as any organic nitrogen not converted to ammonium.  The 
ammonium is most often adsorbed onto soil particles, or volatilized as ammonia gas, while the 
nitrates are sometimes removed via denitrification (Toor et al., 2014).  Therefore, the best 
mitigation when installing septic system drain fields is to properly place and install them in such 
a way that they are oriented away from surface water or groundwater aquifers to allow 
denitrification to occur, thus giving the septic system effluent more time before coming into 
contact with water. 
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1.7.2. Natural Sources 
It has been well documented that significant loads of nitrogen and phosphorus can enter 
surface water from natural sources.  Bedrock containing nitrogen can leach into surface waters 
by erosion, thus adding high levels of nitrates to streams (Holloway et al., 1998).  Surface soils 
that lie in predominantly aplitic geological formations have high concentrations of phosphorus, 
and apatite’s composition can contain up to 18% phosphorus by weight.  Additionally, surface 
water studies in Montana’s streams have reported elevated phosphorus concentrations in surface 
water in areas that are predominantly composed of volcanic geology (MTDEQ, 2014 (c)). 
1.7.2.1. Local Geologic Composition 
As mentioned in section 1.4.4, the LCV and aplitic geologic formations make up a 
majority of the Grove Gulch drainage, and this type of geology can be associated with 
phosphorus retention and leaching (McClellan et al., 2007).  It has been documented that 
phosphorus content in rock in undisturbed watersheds is very indicative of the phosphorus 
stream concentrations (Olson and Hawkins, 2013).  The phosphorus in rock can often become 
soluble in water by natural weathering and erosion, which have a greater effect on volcanic and 
aplitic rock than other geologic formations (McClellan et al., 2007).   
The MTDEQ conducted a study of the nutrient criteria for surface waters influenced by 
natural geology, which was used for TMDL development and implementation (Suplee and 
Schmidt, 2013).  The background concentration of phosphorus was determined to be 0.04 mg/L, 
and the MTDEQ numeric nutrient criteria for the Middle Rockies Ecoregion III used a TMDL 
load allocation of ≤0.03 mg/L of phosphorus.  Therefore, the background phosphorus 
concentrations are 0.01 mg/L greater than the allowed TMDL allocations for this particular 
ecoregion. 
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1.8. Potential Heavy Metal Sources 
With mining and ore processing, there are a variety of processes that can be used to 
extract metals from the ore.  However, with any processing, tailings laden with heavy metals are 
often generated as a by-product.  These fine sediments often leach into surface and groundwater 
if not properly impounded, transporting heavy metals with them.  Storm runoff that results in 
overland transport of tailings can also largely influence a surface water body’s quality.  Tailings 
or mineral extraction chemicals can be classified as point source or NPS pollution.  When mine 
tailings and toxic waste are not properly reclaimed or deposited in a proper repository, runoff can 
transport these contaminants directly into surface water bodies. 
1.8.1. Clark and Colorado Tailings Impoundment 
The CMRC was built on a capped and lined tailings repository containing both the 
Clark’s and Colorado Tailings, with Grove Gulch routed underneath the park.  The combination 
of these tailings contained high concentrations of copper, iron, and zinc.  These metals are 
readily soluble in water, with zinc being the most soluble of these heavy metals.  Overland 
storm-runoff transport often deposits soluble metal compounds, such as zinc nitrate or copper 
sulfate into streams. 
The Clark and Colorado Tailings were capped with a flexible membrane liner and 24 
inches of uncontaminated top soil (U.S. EPA, 2006).  Grove Gulch was left in its original 
location in the Clark and Colorado Tailings.  A wooden flume-like structure was built over the 
channel, with the creek’s water routed through an underground pipe.  Wooden structures quickly 
biodegrade in moist environments, so it is possible the flume is decomposing in the Grove Gulch 
channel.  In addition, defects in the metal pipeline transporting Grove Gulch water through the 
reach could have led to potential input of metals into Grove Gulch.   
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1.9. Best Management Practices 
Best Management Practices (BMPs) is a term used to describe techniques that can be 
used to prevent and control water pollution.  The main goal of BMPs is to reduce pollution at a 
known source, or to reduce the amount of pollution being discharged from that source.  BMPs 
can also be used to mitigate the potential of wide-spread pollution, such as treating surface or 
groundwater before it enters high-order streams. 
BMPs can target a variety of land-use practices and industrial applications.  On land 
where agriculture is dominant, nutrient loading in surface waters is often a problem, and select 
BMPs can help to mitigate this loading.  On land where historic mining, milling, and processing 
applications took place, surface water can become inundated with high concentrations of toxic 
heavy metals.  This is important to note since the Grove Gulch historic and current land-use 
lends itself to both of these scenarios. 
1.9.1. Vegetated Stream Buffers 
A type of stream buffer, known as vegetated filter strips, can effectively help with the 
uptake of nitrogen and phosphorus from overland runoff before it enters surface waters (Tetra 
Tech, 2003).  The vegetated filter strip can be planted with organic matter and placed in varying 
lengths along a stream bank.  The vegetation can help impede water flow, as well as help with 
nutrient uptake.  These strips are usually located along land where agriculture – whether from 
livestock grazing or fertilized grass and alfalfa fields – is the dominant land use.  When 
implemented correctly, vegetated filter strips can dramatically reduce the amounts of phosphorus 
and nitrogen before they reach surface waters. 
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1.9.2. Subsurface Woodchip Bioreactor 
A subsurface bioreactor is essentially a subsurface trench or channel filled with wood 
chips or another carbon source.  Surface water slowly flows through the bioreactor before exiting 
the into a larger surface water body.  Bioreactors can effectively treat both nitrogen and 
dissolved heavy metals in surface waters before they are discharged.  Nitrogen entering surface 
waters can potentially be removed by denitrification, immobilization into microbial biomass, 
dissimilatory NO3
- reduction to NH4
+, and anaerobic NH4
+oxidation (Schipper et al., 2010).  This 
is accomplished via an anoxic process, where heterotrophic bacteria reduce nitrogen oxides to 
gaseous forms.  Woodchip bioreactors are the newest passive removal technology for nitrates 
from streams, and high rates of denitrification are favored by conditions which include low 
dissolved oxygen, a good carbon source, and an adequate supply of nitrate (Schipper et al., 2010; 
Christianson et al., 2012).   
 These subsurface bioreactors can also be used to precipitate high levels of heavy metals, 
such as copper, cadmium, iron, and zinc as a metal sulfide (Reisman et al., 2009; Butler et al., 
2011).  Hydrogen sulfide can be produced by sulfate-reducing bacteria as long as the bacteria 
have a nutrient source and the water is kept anaerobic; however, dissolved oxygen and nitrates 
must be depleted from the water to achieve high removal efficiencies (Reisman et al., 2009).  It 
has been demonstrated that these bioreactors can achieve high removal efficiencies to treat mine-
influenced surface water, with removal rates over 99% for copper, cadmium, iron, and zinc 
(Butler et al., 2011). 
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1.10. Objectives 
The main objectives of this thesis research on Grove Gulch were:  
 To measure nutrient and heavy metal concentrations, and calculate their daily 
loads. 
 To determine and identify nutrient and metal sources. 
 To research BMPs to reduce contamination of Grove Gulch and recommend 
appropriate BMPs.   
 To quantify the impact of contaminants in Grove Gulch on higher-order streams, 
with the long-term goal of improving surface water quality in high-order streams. 
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2. Methods 
2.1. Sampling Plan 
A comprehensive sampling plan was developed to sample Grove Gulch, and was based 
off the existing knowledge of Grove Gulch geology and topographic characteristics.  The 
sampling plan took into account various flow conditions, spatial variation, and temporal 
variation, while still abiding by the required quality assurance/quality control (QA/QC) 
measures.  Due to all samples being analyzed in Montana Tech’s Environmental Engineering 
Analytical Laboratory with limited resources, contaminants being analyzed were limited by the 
availability of laboratory equipment. 
2.1.1. Sampling Methods  
To accurately quantify contaminant loading in Grove Gulch, sampling was performed 
during six different events throughout the summer and fall of 2015.  A sampling event on June 
18-19, 2015, represented high flow in Grove Gulch from snowmelt runoff.  On August 10-11, 
data were collected to represent base-flow conditions.  On September 4 and October 26, data 
were collected to represent storm-runoff conditions.   An additional base-flow sampling was 
conducted on November 15 and December 9 to help accurately quantify metals loading.  The 
sampling strategy is further explained in the Sampling Location Breakdown section. 
2.1.2. Sampling Strategy 
The sampling strategy to establish sampling locations on Grove Gulch was comprised of 
compiling previous data available on surface water quality, historic uses of the watershed, and 
recommendations from private landowners.  Sampling locations were then established on Grove 
Gulch, with the intention to identify point-sources of nutrient loading and heavy metal 
contamination.  These sampling locations spanned the entire reach of the creek, with the first 
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sampling site located at the headwaters of Grove Gulch and the last sampling location at the 
stream’s discharge into BTC.  Approximately half of the sampling sites were located on Butte-
Silver Bow (BSB) property, with the rest of the sampling locations being established on private 
land with the landowners’ permission to sample.  Appendix A provides a breakdown of the 
sampling locations by ownership and global positioning system (GPS) coordinates.  All the 
sampling locations were evenly distributed (as much as possible) throughout the stream reach; 
however, it is important to note that due to the characterization of the stream, several sites 
downstream of the CMRC were dry after the June sampling event, as was the upper-most 
sampling location for the Grove Gulch headwaters.  GPS coordinates as well as pictures were 
taken during each sampling event for each location to adequately document the stream 
conditions.  A picture of each site as well as a detailed description is shown in Appendix B. 
2.1.3. Sampling Location Breakdown 
The following sections detail the sampling locations, data collected, and dates of each of 
the sampling events for Grove Gulch.  The pertinent data is summarized in each of the following 
subsections.  For all sampling events, GPS coordinates were established, pictures were taken, 
and weather observations were noted for each sampling site. 
2.1.3.1. June 18-19 Sampling Event 
The June sampling event was completed in order to characterize the Grove Gulch reach 
with respect to high-flow conditions due to mountain snowmelt runoff.  Thirteen locations were 
used for this sampling event, with the Grove Gulch flowrate measured (where possible).  Surface 
water samples that were obtained for nutrient analysis included orthophosphate, nitrate + nitrite, 
ammonia, Total Kjeldahl Nitrogen (TKN), and total phosphorus (TP).  Surface water samples 
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were also collected for 23 dissolved metals, along with a composite river bank soil sample to be 
digested and analyzed for the same metals. 
2.1.3.1. August 10-11 Sampling Event 
The August sampling event was completed in order to characterize the stream with 
respect to base-flow conditions during the dry season.  Due to stretches of the creek being dry, 
eleven sample locations were used, along with one groundwater well.  The Grove Gulch flow 
rate was measured (where possible), and surface water samples that were obtained for nutrient 
analysis included orthophosphate, nitrate + nitrite, ammonia, TKN, and TP.  Surface water 
samples were also collected for 23 dissolved metals, along with a composite stream bed sediment 
sample to be digested and analyzed for the same metals. 
2.1.3.1. September 5 and October 26 Sampling Events 
The sampling events on September 5, 2015 and October 26, 2015 were carried out to 
obtain data for high-flow runoff conditions due to a high-volume, singular storm event.  Two 
locations were used in the September sampling event, and the sampling strategy was expanded to 
five locations in October to better characterize the loading.   As before, the Grove Gulch flowrate 
was measured (where possible), and surface water samples that were obtained for nutrient 
analysis included orthophosphate, nitrate + nitrite, ammonia, TKN, and TP.  Surface water 
samples were also collected for the same 23 dissolved metals, as well as a duplicate sample to be 
analyzed for total recoverable metals. 
2.1.3.1. November 15 Sampling Event 
On November 15, 2015, an additional sampling event was carried out at five locations on 
Grove Gulch to obtain surface water samples to be analyzed for total dissolved and total 
recoverable metals during base-flow conditions.  The flow rate was again measured wherever 
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possible in the stream.  This sampling event helped confirm heavy metal concentrations in Grove 
Gulch surface water to be compared to Montana DEQ-7 surface water quality standards. 
2.1.3.1. December 9 Sampling Event 
On December 9, 2015, surface water sampling was conducted for two locations on Grove 
Gulch, as well as directly above and below the Grove Gulch outlet on BTC.  Surface water 
samples were collected at each location for heavy metals.  In addition, stream flows were 
measured on BTC to calculate metals loading into BTC from the Grove Gulch outlet. 
2.1.4. Sampling Location Map and Strategies  
Figure 6 shows the surface water sampling locations on Grove Gulch on a spatial map.  
The map was designed on an ArcGIS spatial overlay, and represents the exact locations of the 
sample sites. 
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Figure 6. Sampling locations on Grove Gulch. 
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2.1.4.1. Flow Measurement Procedure 
The stream flow was measured in order to calculate daily loads for both TN and TP, as 
well as several heavy metals, into Blacktail Creek.  This was carried out at two locations on 
Grove Gulch; the other locations did not have adequate flow for measurement.  The stream depth 
and velocity were measured using a Marsh McBirney Flo-mate, and the USGS midsection 
method was followed. 
At each point where the flow was measured, the width of the stream was measured with a 
tape measure, from left bank to right bank.  Discontinuities in the stream were noted on field 
note worksheets, and at least five flow and velocity measurements were recorded at each site 
(John, 2003).  A measurement rod attached to the Marsh McBirney was used to measure the 
stream depth, and then adjusted to six-tenths of the depth to record the stream velocity (John, 
2003).  These measurements were then used to calculate the total discharge at a specific location 
on Grove Gulch.  
2.1.4.2. Stream Bank Soil and Sediment Collection Procedure 
During the June and August sampling events, composite stream bank soil and sediment 
samples were collected respectively.  A three by three foot grid was measured out on the right 
stream bank for soil samples, and the same size grid was utilized on the stream bottom for the 
sediment sample collection.  A composite sample was obtained, with five samples taken within 
the grid – one from each corner and one from the middle of the three by three foot square.  A 
clean plastic garden trowel was used to collect the samples, and it was acid washed with a 10% 
hydrochloric rinse between sample sites to avoid cross-contamination.  The composite sample 
was thoroughly mixed and placed in a Ziploc bag, and frozen to -18° C.  These samples have a 
holding time of 6 months before analysis. 
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2.1.4.3. Surface Water Sampling Procedures and Preservation 
Surface water samples were collected at the pre-determined sampling sites along the 
entire reach of Grove Gulch.  Grab samples were collected for all nutrients and heavy metals, 
and were collected from flowing water (where possible).  Grab samples were collected in 500 
mL plastic polyethylene bottles, which were either new or thoroughly washed with a 10% 
hydrochloric acid rinse before each sampling event.  The bottles were rinsed three times with the 
water from the sample site, with the rinsed water being poured downstream of the sample site.  
The bottles were then filled with the sample water in the middle of the stream at about 50% - 
60% of the stream’s depth.  The sample bottles were then capped and labeled accordingly.  The 
following sections explain when the samples were collected, sample treatment, and preservation 
and hold times. 
2.1.4.3.1. Total Dissolved Heavy Metals 
During every sampling event, samples for total dissolved metals were collected in 500 
mL bottles, filtered in the field with a 0.45 µm filter into a clean 500 mL bottle, and acidified 
below a pH of 2 with 1% by volume trace-metal grade nitric acid.  These samples were then 
chilled to 4° C, and have a holding time of 6 months. 
2.1.4.3.2. Total Recoverable Heavy Metals 
During the October and November sampling events, samples for total recoverable metals 
were collected in 500 mL bottles and acidified below a pH of 2 with 1% by volume trace-metal 
grade nitric acid.  These samples were then chilled to 4° C, and have a holding time of 6 months. 
2.1.4.3.3. Orthophosphate 
Samples were collected for orthophosphate analysis during the June, August, September, 
and October sampling events.  These samples were collected in 250 mL bottles and filtered in the 
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field with a 0.45 µm filter into a clean 250 mL bottle.  These samples were then chilled to 4° C, 
and have to be analyzed within 48 hours. 
2.1.4.3.4. Nitrate + Nitrite, Ammonia, Total Phosphorus, and TKN  
Samples were collected for nitrate + nitrite, ammonia, total phosphorus, and TKN 
analysis during the June, August, September, and October sampling events.  These samples were 
collected in 500 mL bottles and acidified to below a pH of 2 with 1% by volume sulfuric acid.  
These samples were then chilled to 4° C, and have a holding time of 28 days. 
2.1.5. YSI Exo2 Multiparameter Sonde  
 An YSI Exo2 Multiparameter Sonde was used to gather water chemistry data on Grove 
Gulch.  Data was collected for dissolved oxygen, pH, turbidity, air and water temperature, 
specific conductivity, and depth, and all data was collected via multiple probes on the YSI 
Sonde.  This sampling was conducted from October 31 to November 16, and represented base-
flow water chemistry conditions.  The first Sonde was installed at the most downstream location 
along Lexington Avenue, with the second Sonde being installed at the outlet of the detention 
pond, directly above the CMRC. 
 For this Sonde sampling event, the installation methodology remained consistent between 
sampling sites.  The YSI Sondes were installed in the middle of the stream, at a sufficient depth 
where all the multiparameter probe sensors were completely submerged.  The surrounding water 
was checked periodically and cleared of debris to allow adequate flow to the Sonde.  The Sonde 
was programmed to record and store an instantaneous value for all parameters every 15 minutes, 
with the data being downloaded at the end of the sampling event. 
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2.2. Field Quality Control Measures 
Several quality control (QC) measures were implemented during the field sampling 
events to assess the extent field contamination has on the quality of sampling preservation and 
analysis.  Contamination can be attributed to sample collection bottles, equipment, or the 
environmental conditions present during the sampling event.  Although careful sampling 
procedures were followed to minimize contamination, various duplicates and sample blanks were 
performed to quantify how much contamination was introduced to the collected samples.  The 
following subsections detail the field QC measures. 
2.2.1. Temperature Blank (Field Preservation) 
Temperature blanks were collected once during each sampling event, and were used to 
verify that samples were transported and maintained at a temperature of 4° C during each 
sampling event.  Temperature blanks were made by filling a 250 mL plastic bottle with DI water, 
and transporting that sample in a field sampling cooler with ice throughout the sampling event.  
The purpose of utilizing a temperature blank was to ensure samples were maintained at a 
preservation temperature of 4° C during the sampling event.  Upon arriving back at Montana 
Tech’s analytical lab, the temperature of this blank was measured to ensure the samples were 
indeed preserved at 4° C.  This blank was then refrigerated and served as one of the blanks 
during laboratory analysis, and was analyzed for all nutrients and metals of interest. 
2.2.2. Field Blank (Field Contamination) 
Field blanks were collected during each sampling event to assess the extent of field 
contamination in surface water samples.  Deionized water (DI) was transported to the sampling 
site and field blanks were prepared by adding DI water to a 250 mL plastic bottle in the field, 
with one field blank being prepared for each sampling event.  These samples were preserved 
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consistent with the preservation methods for nutrients or metals, and transported at 4° C.  These 
samples, after analytical analysis, will evaluate the extent of introduced contamination from 
sample bottles or the environment.  These samples were analyzed for all nutrients and metals 
being studied each sampling event. 
2.2.3. Field Duplicate (Field Variability) 
Field duplicates are samples collected at the same place and time as the original sample, 
along with being preserved, transported, and analyzed identical to the original sample.  The field 
duplicate was collected in a separate plastic bottle, and labeled as a field duplicate from a 
specified location.  Field duplicates assess the degree of variability in surface water samples 
from the same time and location.  One field duplicate was collected per sampling event; with one 
duplicate being added for every ten percent of samples if the sampling event included more than 
10 samples. 
2.3. Laboratory Analysis and Quality Control Measures 
All laboratory analysis was conducted in the Environmental Engineering Analytical 
Laboratory on the Montana Tech campus.  Analyses were conducted for 22 heavy metals of 
interest, as well as several nutrients (orthophosphate, nitrate + nitrite, ammonia, total 
phosphorus, and TKN).  The soil and sediment samples were digested following EPA methods 
and analyzed for metals as well. 
The following subsections detail the analytical laboratory procedures used for analysis, 
with the respective calibration procedures and QA/QC protocols presented in Appendix C.  Table 
III summarizes the parameters measured, with the applicable instrumentation and EPA 
procedures followed. 
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Table III. Field and Lab Parameters, Analytical Instrumentation, and EPA Methods 
Field and Lab Parameters Analytical Instrumentation EPA or Standard Method 
Temperature, pH, DO, 
Specific Conductivity, 
Turbidity, Depth 
YSI EXO2 Multiparameter 
Sonde 
N.A. 
Ammonia 
FIAlab-2500 Flow Injection 
Analyzer 
EPA 350.1 
Orthophosphate 
FIAlab-2500 Flow Injection 
Analyzer 
EPA 365.1 
Nitrate + Nitrite 
FIAlab-2500 Flow Injection 
Analyzer 
EPA 353.2 
Total Phosphorus 
FIAlab-2500 Flow Injection 
Analyzer; SEAL Analytical 
BD50 Block Digestion System 
EPA 365.4 
Total Kjeldahl Nitrogen 
FIAlab-2500 Flow Injection 
Analyzer; SEAL Analytical 
BD50 Block Digestion System 
EPA 351.2 
Dissolved Heavy Metals 
Thermo Scientific iCAP 6000 
Series ICP-OES 
EPA 200.7 
Sample Preparation Procedure 
for Total Recoverable 
Elements 
SEAL Analytical BD50 Block 
Digestion System 
EPA 200.2 
Acid Digestion of Sediments, 
Sludges, and Soils 
SEAL Analytical BD50 Block 
Digestion System 
EPA 3050B 
Flow Rate 
Marsh McBirney Flo-Mate 
2000 
USGS Midsection Method 
Total Solids in Soils and 
Semisolid Samples 
N.A. Standard Methods 2540 G 
 
2.3.1. Flow Injection Analyzer  
A flow injection analyzer (FIA) was used to analyze all surface water samples for the 
nutrients of interest.  The flow injection analyzer was chosen for nutrient analysis over ion 
chromatography for its lower limit of detection for all the nutrients of interest.  The FIA uses 
various methods of semi-automated colorimetry to quantify concentrations of dissolved nutrients 
in surface water.   All analyses were conducted in accordance with the respective EPA 
procedure, and the calculated MDLs are presented in Appendix D. 
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2.3.2. Inductively Coupled Plasma Optical Emission Spectrometry 
An inductively coupled plasma optical emission spectrometer (ICP-OES) was used to 
analyze all surface water, soil, and sediment samples for concentrations of dissolved metals and 
various other elements.  The ICP-OES has low detection limits and a high sample throughput per 
hour, and an overall ease of use.  This instrument was used according to EPA method 200.7, and 
the minimum detection limits used for reporting results are summarized in Appendix D.  
2.3.3. SEAL Analytical Block Digester 
A SEAL analytical block digester was used to digest surface water nutrient samples for 
TP and TKN analysis, as well as concentrated acid-based digestions for heavy metal analysis in 
soils and sediments.  Additionally, it was used to digest surface water metal samples for total 
recoverable metals analysis.  The block digester was chosen for its ability to maintain constant 
temperatures at varying lengths of time, and for its recommended use in EPA methods.  The 
digested samples were then analyzed with the FIA or ICP-OES. 
2.3.4. Laboratory Quality Control Measures 
The following subsections detail the QC measures implemented in the laboratory for all 
analytical analyses.  Additional QA/QC measures specific to an individual method can be found 
in Appendix C or in the referenced EPA procedure. 
2.3.4.1. Laboratory Duplicate (Instrument Variability) 
Laboratory duplicates were prepared in the lab at time of sample analysis, and were 
prepped using the same technique as the original sample.  The lab duplicate was prepared from 
the same field sample being analyzed.  Lab duplicates allow the analyst to quantify any 
variability in the instrument performance.  Lab duplicates were run at least once per sample run, 
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or once every seven samples, for every analytical instrument used.  Additionally, they were 
carried out through all steps of the respective digestion processes. 
2.3.4.2. Calibration Standard (Instrument Calibration) 
A calibration standard is used to calibrate the instrument before analysis.  Calibration 
standards were prepared from stock standard solutions, and were prepared fresh before each 
sample run.  Calibration standards produce a multi-point calibration curve, which is used to 
ensure accurate results. 
2.3.4.1. Laboratory Fortified Blank (Instrument Accuracy) 
A laboratory fortified blank (LFB) was prepared with known quantities of analytes, and 
was analyzed once every sample run.  The LFB was analyzed using the same method as the rest 
of the samples.  The purpose of an LFB is to determine the percent error in the sample 
methodology, and whether the instrument is quantifying concentrations accurately. 
2.4. Data Processing 
All field data as well as laboratory results were entered into Excel, where graphs and 
tables were used to organize and quantify the data.  Geographic Information Systems (GIS) 
software was used to produce spatial analyses.  Specifically, ArcMap, a GIS mapping software, 
was used to display all parameters of interest spatially, provide watershed delineations, and 
display longitudinal sampling locations.  
2.4.1. Soil Contamination Calculations 
Soil and sediment samples were prepared by heating a 1 gram representative sample at 
105° C for one hour to evaporate off water content according to Standard Methods 2540 G.  The 
samples were then reweighed, and digested according to EPA method 3050B, and analyzed by 
ICP-OES.  The results were expressed in units of milligrams of contaminant per kilogram of soil 
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(mg/kg).  Equations 1 and 2 were used in these calculations, and are from Standard Methods 
2540 G. 
Percent Total Solids in Sample = [(A-B)*100]/[C-B]                        (1) 
where A = Weight of dried residue + dish (mg); B = Weight of dish; and C = Weight of wet 
sample + dish (mg) 
mg/kg = {[mg/L contaminant]*[total volume digested (liters)]}/ [mass of dried soil (kg)] (2) 
2.4.2. Flow Calculations 
Stream flows were calculated from data gathered in the field, and Equations 3 through 6 
were used to determine stream velocities in cubic feet per second.  These flows were based off 
the USGS midsection method. 
Total flow (cfs) = ∑ni=1 flowi (cfs)                                         (3) 
Flowi (cfs) = Areai (ft
2)*velocityi (fps)                                     (4) 
Area (ft2) = width (ft)*depth (ft)                                           (5) 
Width (ft) = ABS (dn (ft)-dn+2 (ft))/2                                        (6) 
where dn and dn+2 are measured distances from the bank and accounted for in the flow equation 
2.4.3. Concentration Calculations 
Concentrations for ammonia, orthophosphate, nitrate + nitrite and TKN are expressed as 
NH3
+ - N, PO4
3- - P, NO2 – N, and NH3+ - N, respectively, in mg/L.  Concentrations for all 
metals and other elements are expressed in µg/L.  Dissolved oxygen values are expressed in 
mg/L, while specific conductivity data is presented in units of µS/cm. 
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2.4.4. Load Calculations 
Loads for metals, nitrogen, phosphorus, and total phosphorus were calculated using 
Equation 7 and 8.  All loads were presented in units of pounds per day (lbs/day), concentration in 
units of mg/L, and the flow in units of cubic feet per second (cfs). 
Load (lbs/day) = Concentration*Flow*5.39                                 (7) 
5.39 = (1L/0.0353 ft3)*(1 g/1000mg)*(1lbs/454 g)*3600s/h)*(24h/day)            (8) 
2.4.5. ArcGIS Concentration and Load Gradient Maps 
Load gradient maps for the nutrients and metals of interest were created in ArcMap by 
overlaying the loading data along the Grove Gulch stream line.  Sample sites were established on 
the overlay map, and the various concentrations and loads shown on the gradient maps represent 
loads beginning and ending between sample sites.  It is assumed that all concentrations and loads 
are constant between sampling locations. 
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3. Results 
3.1. Flow Rates 
Stream flows were measured on Grove Gulch during all sampling events, where stream 
flow allowed.  Due to the large amount of stagnant water and in-stream ponds on Grove Gulch, 
only two sampling locations were used to measure stream flows.  Flows were measured using a 
Marsh McBirney Flo-Mate 2000 following the details outlined in the USGS midsection method, 
and were used to calculate nutrient and metals loads.  The flow rate measured in June 
corresponds to spring runoff conditions due to late-season snowmelt, while the flow rates in 
August and November represent base flow conditions during the growing season and late fall, 
respectively.  Flow rates measured in September and October represent conditions present during 
singular storm events. 
The flow rate measured at sample site GG 6 (approximately 3.27 miles from headwaters) 
was highest during the September storm sampling event, while the highest flow measured at 
sample site GG 14 (before discharge into BTC) was obtained from the June sampling event.  In 
all months, flow consistently increases between sites GG 6 and GG 14, suggesting that Grove 
Gulch is a gaining stream.  Due to the artificial detention pond above the CMRC being located 
between these two sites, a significant groundwater contribution must occur downstream of the 
pond to accurately represent this increase in flow during the non-snowmelt months.  Figure 7 
shows the measured flow rates at GG 6 and GG 14 during the various sampling stages. 
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Figure 7: Seasonal flows in Grove Gulch. 
3.2. Nutrient Analysis 
3.2.1. Nitrogen Data 
The following sections detail the results obtained with regards to nitrate sampling and 
analysis.  The sections are broken down by nitrate and TN concentration data as well as nitrate 
and TN loading data. 
3.2.1.1. Nitrate Concentrations 
Nitrate concentrations (as NO3
- - N) were measured for each sample site during the 
sampling events in June, August, September, and October.  The FIAlab-2500 Flow Injection 
Analyzer was used to measure the nitrate concentrations.  The calculated minimum detection 
limit (MDL) for the FIA for NO3
- is 0.032 mg/L.  All concentrations for these samples registered 
greater than 0.032 mg/L, and thus are suitable to show concentration trends. 
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During the June sampling event, the nitrate concentration entering BTC at the GG 14 
sampling site was 0.04 mg/L, while a concentration of 0.02 mg/L was obtained in the August 
sampling event.  Figure 8 presents the concentration versus distance data graphically for June 
and August.  These concentrations are well below the target TN criteria set by the MTDEQ for 
the Middle Rockies Ecoregion III of ≤0.300 mg/L.  Figure 9 shows spatial concentration 
gradients by sample site on a map for the August concentrations.  Appendix I contains the nitrate 
concentration data by date and sample site in its entirety. 
 
 
Figure 8. Nitrate (as NO3 –N) concentrations from upstream to downstream. 
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Figure 9. Nitrate (as NO3 – N) concentrations and loading represented with graduated symbols for August, 
2015. 
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The September and October sampling events were conducted during singular storm 
events, during the time of peak overland runoff and stream discharge.  The nitrate concentrations 
entering BTC at the GG 14 sampling site for September and October were 0.52 mg/L and 0.31 
mg/L, respectively.  These concentrations are considerably higher than the June and August 
sampling events.  Figures 10 and 11 show this concentration versus distance data graphically for 
October as well as a spatial representation of nitrogen concentration by sampling site for 
October, respectively. 
 
 
Figure 10. Nitrate (as NO3 – N) concentrations from upstream to downstream. 
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Figure 11. Nitrate (as NO3 – N) concentrations and loading represented with graduated symbols for October, 
2015. 
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3.2.1.2. Nitrate Loads 
Due to inconsistent surface water flow throughout the Grove Gulch watershed, and large 
groundwater contributions, flow rates could only be measured at two sample sites throughout all 
sampling events.  Therefore, nitrate loading data could only be calculated for two sample sites.  
Table IV summarizes these nitrate loads by sample date and site, with loads reported in units of 
lbs/day. 
Table IV: Nitrate (as NO3 – N) loading by sample site and date. 
Month Sample Site Nitrate Load (lbs/day) 
June 
GG 6 0.24 
GG 14 0.28 
August 
GG 6 0.05 
GG 14 0.09 
September 
GG 6 0.11 
GG 14 2.80 
October 
GG 6 0.53 
GG 14 1.50 
 
These loads are also represented by Figure 12, where loads are graphed by concentration 
in relationship to the distance from the Grove Gulch headwaters. 
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Figure 12. Nitrate (as NO3 – N) loads from upstream to downstream. 
 
3.2.1.3. Total Nitrogen Concentrations and Loads 
During all sampling events, TKN concentrations were obtained for all surface water 
samples taken.  However, the calculated MDL for the FIA for TKN is 0.388 mg/L, and all 
concentrations for the June, August, and September sampling events registered below this MDL, 
and therefore could not be used in the calculation of TN concentrations for these sampling 
events. 
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The TKN analysis for the October storm event returned TKN data greater than the FIA 
MDL; therefore, TN concentrations were calculated for this sampling event.  The TN 
concentration entering BTC at sample site GG 14 was 0.93 mg/L during October.  This is 0.63 
mg/L higher than the TN water quality target of 0.30 mg/L.  Five sample sites were utilized 
during this sampling event, and all TN concentrations exceeded the 0.30 mg/L target.  Figure 13 
shows the relationship between distance and TN concentration, with values reported in Appendix 
I.  Figure 14 presents these concentrations on a spatial map. 
 
 
Figure 13. TN concentrations from upstream to downstream. 
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Figure 14. TN concentrations and loading represented with graduated symbols for October, 2015. 
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TN loads were also calculated for the two sampling locations where a flow rate could be 
measured during the October sampling event.  At sampling site GG 6 – 3.27 miles from the 
Grove Gulch headwaters – the calculated TN load was 1.85 lbs/day.  At sampling site GG 14 – 
6.07 miles from the Grove Gulch headwaters, at the discharge point into BTC – the calculated 
TN load was 4.51 lbs/day.  Over this 2.80 mile change in distance, the TN load increased by 2.66 
lbs/day, or by 2.44 times. 
3.2.2. Phosphorus Data 
The following sections detail the results obtained with regards to phosphate sampling and 
analysis.  The sections are broken down by orthophosphate and TP concentration data as well as 
orthophosphate and TP loading data. 
3.2.2.1. Orthophosphate Concentrations 
Orthophosphate concentrations (as PO4
-3 - P) were measured for each sample site during 
the sampling event in June, August, September, and October.  The orthophosphate data from the 
FIAlab-2500 Flow Injection Analyzer was used to measure the orthophosphate concentrations.  
The calculated minimum detection limit (MDL) for the FIA for PO4
-3 is 0.020 mg/L.  All 
concentrations for these samples registered greater than 0.020 mg/L, and thus are suitable to 
show concentration trends. 
During the June sampling event, the orthophosphate concentration entering BTC at the 
GG 14 sampling site was 0.08 mg/L, while a concentration of 0.32 mg/L was obtained in the 
August sampling event.  Figure 15 presents the concentration versus distance data graphically for 
June and August.  These concentrations both exceed the target TP criteria set by the MTDEQ for 
the Middle Rockies Ecoregion III of ≤0.030 mg/L.  Figure 16 shows spatial concentration 
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gradients by sample site on a map for the August concentrations.  Appendix I contains the 
phosphorus concentration data by date and sample site in its entirety. 
 
 
Figure 15. Orthophosphate (as PO4-3 – P) concentrations from upstream to downstream. 
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Figure 16. Orthophosphate (as PO4-3 – P) concentrations and loading represented with graduated symbols for 
August, 2015. 
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Similar to the nitrogen sampling, the September and October sampling events were 
conducted during storm runoff conditions.  The orthophosphate concentrations entering BTC at 
the GG 14 sampling site for September and October were 0.29 mg/L and 0.33 mg/L, 
respectively.  Except for the June orthophosphate concentration, these concentrations at the GG 
14 sample site are very similar.  Figures 17 and 18 show this concentration versus distance data 
graphically for October as well as a spatial representation of orthophosphate concentration by 
sampling site for the October sampling event, respectively. 
 
 
Figure 17. Orthophosphate (as PO4-3 – P) concentrations from upstream to downstream. 
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Figure 18. Orthophosphate (as PO4-3 – P) concentrations and loading represented with graduated symbols for 
October, 2015. 
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3.2.2.1. Orthophosphate Loads 
 As mentioned in section 3.2.1.2, flow rates could only be measured for two sample 
locations on Grove Gulch, and orthophosphate loading data is only available for these two sites.  
Table V summarizes these loads by sample date and site, with loads reported in units of lbs/day. 
 
Table V. Orthophosphate (as PO4-3 – P) loading by sample site and date. 
Month Sample Site 
Orthophosphate Load 
(lbs/day) 
June 
GG 6 0.13 
GG 14 0.56 
August 
GG 6 0.11 
GG 14 1.38 
September 
GG 6 1.17 
GG 14 1.56 
October 
GG 6 0.30 
GG 14 1.60 
 
 
These loads are also represented by Figure 19, where loads are graphed by concentration 
in relationship to the distance from the Grove Gulch headwaters. 
 
 
Figure 19. Orthophosphate (as PO4-3 – P) loads from upstream to downstream. 
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3.2.2.2. Total Phosphorus Concentrations and Loads 
Total Phosphorus (TP) concentrations were measured for each sample site during the 
sampling event in June, August, September, and October.  The TP data from the FIAlab-2500 
Flow Injection Analyzer was used to measure the phosphorus concentrations.  The calculated 
minimum detection limit (MDL) for the FIA for TP is 0.060 mg/L.  All concentrations for TP 
samples registered greater than 0.060 mg/L, and thus are suitable to show concentration trends. 
 During the June, August, September, and October sampling events, consistently high TP 
concentrations were found throughout the Grove Gulch reach.  Every sample analysis indicated 
concentrations greater than the water quality target of 0.030 mg/L.  These results can be found in 
Appendix I.  Figure 20 compares these results versus distance graphically for the June and 
August sampling events.  In addition, the map in Figure 21 shows the concentrations spatially for 
the storm runoff event in October, and included data for five sample sites. 
 
 
Figure 20. TP concentrations from upstream to downstream. 
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Figure 21. TP concentrations and loading represented with graduated symbols for October, 2015. 
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 TP loads were also calculated for the same two sample sites as before.  Table VI 
summarizes these loads by sample date and site, with loads reported in units of lbs/day. 
Table VI. TP loading by sample site and date. 
Month Sample Site TP Load (lbs/day) 
June 
GG 6 0.19 
GG 14 0.70 
August 
GG 6 2.78 
GG 14 3.67 
September 
GG 6 4.34 
GG 14 1.83 
October 
GG 6 1.66 
GG 14 2.91 
 
These loads are also represented by Figure 22, where loads are graphed by concentration 
in relationship to the distance from the Grove Gulch headwaters. 
 
 
Figure 22. TP loads from upstream to downstream. 
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3.2.2.1. Inorganic P:TP Ratios 
Due to the high concentrations of total phosphorus in all surface water samples analyzed, 
molar ratios of orthophosphate to TP were compared to determine the fraction of phosphorus 
originating from orthophosphate.  Phosphorus present in natural waters and available for uptake 
by aquatic life is in the form of orthophosphate.  Approximately 40 percent of TP should be from 
orthophosphate; lower ratios can indicate higher amounts of total phosphorus than expected 
(University of Minnesota, 2016).  Table VII summarizes these molar ratios for values near the 
head of Grove Gulch (GG 6) and near the confluence with BTC (GG 14).  From the data, it can 
be seen that a larger than expected fraction of the TP originates from an unknown source during 
the August, September, and October sampling events. 
Table VII. Inorganic P:TP ratios by sampling event. 
Month 
Inorganic P:TP (mole PO4-3 – P: mole P) 
GG 6 GG 14 
June 0.71:1 0.80:1 
August 0.04:1 0.38:1 
September 0.27:1 0.85:1 
October 0.18:1 0.35:1 
  
3.2.3. Nitrogen Speciation 
The FIA was used to measure concentrations of NO3
- + NO2
-, TKN, and NH3.  These 
analyses were conducted to determine the speciation on nitrogen, which could help to identify 
potential nitrogen sources.  During all sampling events, it appeared that TKN represented the 
greatest fraction of nitrogen in surface water, and a strong relationship between increasing 
nitrogen concentrations and increasing TKN concentrations was seen.  However, this could not 
be accurately quantified due to the concentrations being less than the calculated MDL for the 
FIA.  Additionally, the majority of NH3 values were also below the measured MDL.  Therefore, 
Figure 23 only shows nitrogen species concentrations for the October sampling event.  Ammonia 
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is only included in the GG 14 sampling location due to the other concentrations being below the 
MDL. 
 
 
Figure 23. Nitrogen species concentrations from upstream to downstream, October sampling event. 
 
3.3. YSI EXO Sonde Data 
This section details DO and turbidity data measured from the YSI EXO Sonde at sample 
sites GG 9 and GG 14 on Grove Gulch.  Typical data values collected ranged from 
approximately a pH of 6 – 7.5, turbidity measurements ranged from approximately 0 – 50 FNU, 
and specific conductivity measurements ranged from approximately 380 – 1420 µS/cm.  The 
specific conductivity, turbidity, and pH data collected can be found in Appendix J.  
3.3.1. Dissolved Oxygen  
Figures 24 and 25 below display the measured DO concentration versus the depth of the 
water in the stream at the same time.  It can be seen that at the GG 14 sample site, there is a 
strong correlation between these two parameters.  During the times when the water level in the 
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stream drops, the available DO in the water decreases, signifying that the available DO in the 
water is being depleted when the groundwater decreases.  The DO data for the GG 9 sample site 
is consistently very low, and could be due to the Sonde being located in very stagnant, turbid 
water, and not being able to obtain accurate DO data.  The high turbidity may have interfered 
with the DO, and the data are not depth-dependent as they were at the GG 14 sample site.  
However, the conclusion can be drawn that the DO at this location is much lower than at the GG 
14 sample site. 
 
 
Figure 24. DO concentrations versus depth at GG 14 sampling site. 
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Figure 25. DO concentrations versus depth at GG 9 sampling site. 
 
3.4. Heavy Metals in Surface Water Analysis 
The following sections present results for both total dissolved and total recoverable 
metals in Grove Gulch surface water.  These sections are broken down by several metals of 
interest, including arsenic, copper, iron, lead, and zinc.  All other metals and elemental data 
collected and analyzed can be found in Appendices F and G. 
3.4.1. Dissolved Metals 
Concentrations of dissolved heavy metals (in units of µg/L) were measured for each 
sampling site on Grove Gulch.  All concentrations measured in these sections registered above 
the calculated ICP-OES MDLs.  The sections for copper and zinc present a spatial concentration 
map for base-flow conditions (August 2015) and singular storm event runoff conditions (October 
2015), while all sections contain a table of calculated metals loads for each sampling event.  Five 
sample sites were utilized for these sampling events, and sampling began at sample site GG 6 
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(river mile 3.27) above the CMRC to GG 14 (discharge into BTC).  This spatial sampling 
strategy allowed quantification of metals originating from the CMRC.  
3.4.1.1. Arsenic 
The measured concentration of dissolved arsenic entering BTC during November base-
flow was 10.0 µg/L.  The measured concentration of dissolved arsenic entering BTC during 
October storm-runoff flow was 29.6 µg/L. 
 As with nitrogen and phosphorus, arsenic loads were calculated for the GG 6 and GG 14 
sampling sites where flow rates could be measured during the June, August, September, October, 
November, and December sampling events.  These loads in lbs/day for arsenic are summarized 
in Table VII. 
Table VII. Grove Gulch Arsenic Loads by Date and Location. 
Month Sample Site Arsenic Load (lbs/day) 
June 
GG 6 <MDL 
GG 14 <MDL 
August 
GG 6 <MDL 
GG 14 0.043 
September 
GG 6 0.067 
GG 14 0.053 
October 
GG 6 <MDL 
GG 14 0.144 
November 
GG 6 <MDL 
GG 14 0.100 
December 
GG 6 0.010 
GG 14 0.146 
 
3.4.1.2. Copper 
Copper concentrations for each sample site in August 2015 are displayed on the spatial 
map in Figure 26.  The measured concentration of dissolved copper entering BTC during August 
base-flow was 147.8 µg/L. 
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Figure 26. Dissolved copper concentrations and loading represented with graduated symbols for August, 
2015. 
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 Additionally, Figure 27 shows copper concentrations sampled in October 2015.  The 
measured concentration of dissolved copper entering BTC during October storm-runoff flow was 
12.3 µg/L. 
 
Figure 27. Dissolved copper concentrations and loading represented with graduated symbols for October, 
2015. 
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 Copper loads were calculated for the GG 6 and GG 14 sampling sites where flow rates 
could be measured during the June, August, September, October, November, and December 
sampling events.  These loads in lbs/day for copper are summarized in Table IX. 
 
Table IX. Grove Gulch Copper Loads by Date and Location. 
Month Sample Site Copper Load (lbs/day) 
June 
GG 6 <MDL 
GG 14 0.156 
August 
GG 6 <MDL 
GG 14 0.637 
September 
GG 6 0.069 
GG 14 0.069 
October 
GG 6 <MDL 
GG 14 0.060 
November 
GG 6 <MDL 
GG 14 0.047 
December 
GG 6 0.066 
GG 14 0.007 
 
3.4.1.3. Iron 
The measured concentration of dissolved iron entering BTC during August base-flow 
was 94.9 µg/L.  The measured concentration of dissolved iron entering BTC during October 
storm-runoff flow was 2990 µg/L. 
 Iron loads were calculated for the GG 6 and GG 14 sampling sites where flow rates could 
be measured during the June, August, September, October, November, and December sampling 
events.  These loads in lbs/day for iron are summarized in Table X. 
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Table X. Grove Gulch Iron Loads by Date and Location. 
Month Sample Site Iron Load (lbs/day) 
June 
GG 6 0.367 
GG 14 5.360 
August 
GG 6 2.703 
GG 14 0.409 
September 
GG 6 1.116 
GG 14 2.896 
October 
GG 6 0.627 
GG 14 16.12 
November 
GG 6 0.109 
GG 14 4.090 
December 
GG 6 1.162 
GG 14 17.02 
 
3.4.1.4. Lead 
The measured concentration of dissolved lead entering BTC during August base-flow 
was 49.4 µg/L.  The measured concentration of dissolved lead entering BTC during October 
storm-runoff flow was 5.50 µg/L. 
 Lead loads were calculated for the GG 6 and GG 14 sampling sites where flow rates 
could be measured during the June, August, September, October, November, and December 
sampling events.  These loads in lbs/day for lead are summarized in Table XI. 
 
Table XI. Grove Gulch Lead Loads by Date and Location. 
Month Sample Site Lead Load (lbs/day) 
June 
GG 6 <MDL 
GG 14 <MDL 
August 
GG 6 <MDL 
GG 14 <MDL 
September 
GG 6 <MDL 
GG 14 0.022 
October 
GG 6 <MDL 
GG 14 0.027 
November 
GG 6 <MDL 
GG 14 0.067 
December 
GG 6 0.007 
GG 14 0.005 
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3.4.1.5. Zinc 
Zinc concentrations for each sample site in August 2015 are displayed on the spatial map 
in Figure 28.  The measured concentration of dissolved zinc entering BTC during August base-
flow was 448.8 µg/L. 
Figure 28. Dissolved zinc concentrations and loading represented with graduated symbols for August, 2015. 
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 Additionally, Figure 29 shows zinc concentrations sampled in October 2015.  The 
measured concentration of dissolved zinc entering BTC during October storm-runoff flow was 
113.1 µg/L. 
 
Figure 29. Dissolved zinc concentrations and loading represented with graduated symbols for October, 2015. 
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 Zinc loads were calculated for the GG 6 and GG 14 sampling sites where flow rates could 
be measured during the June, August, September, October, November, and December sampling 
events.  These loads in lbs/day for zinc are summarized in Table XII. 
 
Table XII. Grove Gulch Zinc Loads by Date and Location. 
Month Sample Site Zinc Load (lbs/day) 
June 
GG 6 <MDL 
GG 14 0.378 
August 
GG 6 0.018 
GG 14 1.935 
September 
GG 6 0.101 
GG 14 3.122 
October 
GG 6 0.032 
GG 14 0.549 
November 
GG 6 0.022 
GG 14 0.271 
December 
GG 6 0.125 
GG 14 0.689 
 
3.4.2. Total Recoverable Metals 
Total recoverable metals sampling was conducted in October and November, during a 
storm runoff event and base flow conditions, respectively.  These sampling events allowed 
metals concentrations to be compared to the MTDEQ Circular-7 Surface Water Quality 
Standards to identify sample sites in exceedance of these standards. 
3.4.2.1. Total Recoverable Metals Results 
Figure 30 presents the results of the October total recoverable metals sampling versus 
distance for arsenic, copper, iron, lead and zinc for five sampling sites along the lower half of the 
stream.  The CMRC is located 4.5 miles from the Grove Gulch headwaters. 
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Figure 30. October total recoverable metals concentrations from upstream to downstream. 
 
Figure 31 presents the results of the November total recoverable metals sampling on a 
graphical scale versus distance for arsenic, copper, iron, lead and zinc.  As in October, five 
sampling sites were included along the lower half of the stream. 
 
Figure 31. November total recoverable metals concentrations from upstream to downstream. 
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3.4.2.2. MTDEQ Surface Water Standards 
The MTDEQ has established numeric water quality standards for the state’s surface and 
ground waters in Circular DEQ-7 Standards.  For the purpose of evaluating pollutants in Grove 
Gulch, acute and chronic aquatic life standards established by the MTDEQ were used.  Acute 
standards are defined as the “one-hour average concentration of these parameters in surface 
waters may not exceed more than once in a three year period,” and chronic standards are defined 
as the “96 hour average concentration of these parameters in surface waters may not exceed 
more than once in a three year period” (MTDEQ, 2012).  Storm water runoff concentrations 
were compared to the acute standards, and base-flow results were compared to chronic standards.  
These standards are presented in Table XIII for arsenic, copper, iron, lead, and zinc, in µg/L of 
total recoverable metals. 
 
Table XIII. MTDEQ Acute and Chronic Aquatic Life Standards. 
Pollutant Acute Standard (µg/L) Chronic Standard (µg/L) 
Arsenic 340 150 
Copper 3.79 @ 25 mg/L Hardness 2.85 @ 25 mg/L Hardness 
Iron No Standard 1,000 
Lead 13.98 @ 25 mg/L Hardness 0.545 @ 25 mg/L Hardness 
Zinc 37.0 @ 25 mg/L Hardness 37.0 @ 25 mg/L Hardness 
 
 
 Due to inaccuracies in the analytical ICP-OES method to determine calcium (Ca) 
concentrations, accurate quantification of Ca was not obtained.  For the purposes of this study, a 
total surface water hardness as CaCO3 is assumed to be ≤25 mg/L, thus the acute and chronic 
standards were calculated using this 25 mg/L concentration of CaCO3 as a conservative estimate.  
Table XIV presents the total recoverable metals concentrations sampled in October and 
November by sample site, and denotes what concentrations exceed acute and chronic aquatic life 
standards. 
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Table XIV. Grove Gulch Total Recoverable Metal Concentrations and DEQ-7 Standards. 
Month Sample Site 
Pollutant Concentration (µg/L) 
Arsenic Copper Iron Lead Zinc 
October 
(Storm – Acute) 
GG 6 <MDL 7.900** 173.4 <MDL 7.600 
GG 7 13.10 <MDL 2303* <MDL 17.10 
GG 9 73.00 <MDL 1054* <MDL 4.100 
GG 11 22.30 7.450** 1650* 10.20 64.80** 
GG 14 399.0** 18.65** 4286* 25.40** 196.4** 
November 
(Base – Chronic) 
GG 6 <MDL 8.200* 147.4 <MDL 9.500 
GG 7 <MDL <MDL 244.1 <MDL 8.200 
GG 9 8.500 10.70* 1805* <MDL 12.50 
GG 11 20.60 12.75* 430.0 18.10* 495.0* 
GG 14 238.2* 81.20* 19370* 49.49* 201.4* 
*Concentration exceeds chronic aquatic life standard. 
**Concentration exceeds acute aquatic life standard. 
 
3.4.2.3. Total Recoverable Metals Loading Data 
Heavy metal loading data were calculated in lbs/day for two sample sites – GG 6 and GG 
14 – during the October and November events.  These data quantify metal loads above the 
CMRC, and metal loads being discharged into BTC using total recoverable metals analytical 
results.  These data are presented in Table XV. 
 
Table XV. Grove Gulch Total Recoverable Metal Loads. 
Month Sample Site 
Pollutant Load (lbs/day) 
Arsenic Copper Iron Lead Zinc 
October 
GG 6 <MDL 0.030 0.654 <MDL 0.029 
GG 14 1.940 0.025 20.79 0.123 0.953 
November 
GG 6 <MDL 0.008 0.135 <MDL 0.009 
GG 14 0.321 0.109 26.10 0.067 0.271 
3.5. Heavy Metal Concentrations in Soil and Sediment  
 Heavy metals and other element concentrations were calculated for Grove Gulch stream 
bank and stream bed sediment.  These data represent changes in spatial sampling techniques, and 
are used to identify potential sources of contamination rather than to be compared against 
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regulatory standards.  The following two sections present these data for arsenic, copper, lead, and 
zinc, with other data analyzed presented in Appendix H. 
3.5.1. Heavy Metals Concentrations in Soil 
Figure 32 summarizes heavy metal concentrations in stream bank soil with respect to the 
distance from the headwaters of Grove Gulch in units of mg/kg.   
 
Figure 32. Metals concentrations in soil from upstream to downstream. 
 
3.5.2. Heavy Metals Concentrations in Sediment 
Figure 33 summarizes metals concentration in stream bed sediment of four pollutants in 
correlation to the sampling location of Grove Gulch in units of mg/kg.  The CMRC is located 
approximately five miles from the headwaters of Grove Gulch.  
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Figure 33. Metals concentrations in sediment from upstream to downstream. 
 
It can be seen from these data that concentrations increase at sampling site GG 11 (just 
downstream of the CMRC) for these metals.  Table XVI below summarizes the increase for these 
contaminants from GG 8 (above the CMRC).   
Table XVI. Increase of Metals Concentration in Sediment from GG 8 to GG 11. 
Pollutant Increase 
Arsenic 45.7 times 
Copper 25.1 times 
Lead 54.7 times 
Zinc 10.1 times 
 
With these samples taken from the river bed sediment, it can be hypothesized that this 
additional mass of contaminants are available for transport down the Grove Gulch channel as 
total suspended sediments (TSS).  The TSS can be a potential point-source of additional metals 
discharged into BTC during high-flow conditions. 
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Another consideration during storm runoff flows that the high volume of water will scour 
the stream bottom and it will suspend some of the sediments, which can add to the concentration 
of total recoverable metals, and lead to poor water quality during the flood events. 
3.6. BTC Dissolved Heavy Metal Data 
Total dissolved metals sampling was conducted in December of 2015 in BTC directly 
above the Grove Gulch outlet, as well as the GG 14 sampling location.  Additionally, flow rates 
were obtained, and the heavy metal loads were calculated at these locations.  Figure 34 presents 
the average concentrations, flow rates, and loads for dissolved zinc concentrations at GG 14 as 
well as above the GG outlet point on BTC.  All other metals of interest showed similar 
longitudinal concentration increases. 
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Figure 34. Average dissolved zinc concentrations, flows and loading on Grove Gulch and BTC represented 
with graduated symbols. 
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 Table XVII presents data for two additional sampling events for BTC in April 2015 and 
November 2014 for total dissolved heavy metals.  These data were collected on an 
approximately 1.5 mile stretch of BTC from Father Sheehan Park to the USGS gauging station 
before BTC joins SBC.  In addition, spatial concentration maps for zinc are displayed in 
Appendix L, and are representative of trends found for other metals for the April 2015 and 
November 2014 sampling events. 
Table XVII. BTC Dissolved Heavy Metal Concentrations, November 2014 and April 2015. 
Sample ID Sample Date 
GPS 
Coordinates 
Concentration (µg/L) 
Arsenic Copper Iron Lead Zinc 
BTC @ F.S. 
Park 
09/06/2014 45.982568 
-112.504539 
4.20 30.90 404.2 5.10 19.40 
04/30/2015 3.03 16.14 716.9 2.74 112.4 
BTC @ Harrison 
Ave 
09/06/2014 45.985260 
-112.507264 
3.40 24.35 357.9 3.73 15.05 
04/30/2015 4.28 19.58 810.8 3.35 18.01 
BTC @ Oregon 
Ave 
09/06/2014 45.988952 
-112.521392 
3.10 8.10 385.3 <MDL 8.60 
04/30/2015 N.A. N.A. N.A. N.A. N.A. 
BTC above GG 
09/06/2014 45.991436 
-112.528041 
2.50 22.70 379.6 4.00 9.20 
04/30/2015 4.43 15.00 714.9 <MDL 17.39 
BTC below GG 
09/06/2014 45.991586 
-112.528413 
6.40 31.50 624.3 5.10 34.70 
04/30/2015 5.90 29.16 683.7 3.83 53.50 
BTC @ KOA 
09/06/2014 45.993482 
-112.533323 
3.40 29.80 400.4 4.40 26.70 
04/30/2015 10.87 16.86 281.4 4.66 36.60 
BTC @ USGS 
Station 
09/06/2014 45.994613 
-112.536008 
3.80 21.00 409.6 3.80 16.80 
04/30/2015 6.16 22.19 791.7 5.44 38.80 
 
 It can be seen from these data that concentrations generally increase after the Grove 
Gulch input, and leads to confirmation of the validity of the BTC-GG mass balance performed in 
December 2015.   
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4. Discussion 
The data produced from this thesis work was used to identify potential nutrient and heavy 
metal sources in Grove Gulch.  Nitrogen and phosphorus often originate from similar sources; 
however, Grove Gulch may present discrepancies in sources of nitrogen and phosphorus due to 
land use and natural geology.  Heavy metal sources are usually the result of historic mining and 
milling operations, consistent with the findings in Grove Gulch. 
4.1. Nutrient Sources 
It was determined that nutrient sources in Grove Gulch possibly originate from both 
natural and anthropogenic sources.  Concentrations generally increase with increasing distance 
from Grove Gulch’s headwaters, and tend to be higher during storm runoff conditions.  This is 
consistent for both nitrogen and phosphorus. 
4.1.1. Nitrogen Loading 
The nitrate (as NO3 
- - N) trend indicates that during the summer months (June and 
August sampling events), sources of nitrate are fairly consistent over spatial distance, except near 
sampling locations GG 12 and GG 13.  These locations are located on private land, where the 
land is used for grazing.  Since nitrate is highly soluble, it is hypothesized that nitrate is 
contributed to the creek from overland flow during storm events. 
During the September and October storm events, results indicated that nitrate 
concentrations increased more linearly over the lower half of Grove Gulch, with the highest 
concentration measured at the GG 14 sample site before discharge into BTC.  It is predicted that 
the source for this inorganic nitrogen is once again overland flow, but is seen in higher 
concentrations due to the heightened flow rates during the storm event. 
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The October results also indicated a trend of increasing TKN concentrations with 
distance, and thus a linear relationship with the TN values as well.  The TKN concentrations 
represented the greatest fraction of the TN values, and are consistent in other temporal variations 
as well.  The predicted source of TKN is manure; where it is deposited on land and transported to 
the stream during runoff events.  However, this source is limited, as there are relatively few 
sources of agriculture in the Grove Gulch watershed.  Additionally, the majority of ammonia 
concentrations registered below the MDL on the analytical instrumentation, suggesting the 
organic nitrogen has not been mineralized to ammonium.  The low NH3 results indicate that 
faulty or poorly-installed drain fields contributing septic waste is unlikely. 
4.1.2. Phosphorus Loading  
The data shows that orthophosphate (as PO4
-3 – P) increases over downstream distance 
for the June, August, September, and October sampling events, during both base-flow and runoff 
events.  However, this trend is much more pronounced during runoff events.  It is predicted that 
the orthophosphate flows into Grove Gulch via overland flow transport, and increases during 
runoff events.  Although a fraction of orthophosphate could be from anthropogenic sources, it is 
hypothesized that the majority of orthophosphate loading is due to a natural source. 
High TP concentrations were measured during all sampling months, with the highest 
concentrations measured during August.  Analysis of the ratio of organic nitrogen to total 
phosphorus suggests a significant imbalance in this ratio, suggesting a natural source 
contributing to TP loading.  This source consistently adds high concentrations of TP to Grove 
Gulch, and differs from the primary TN source.  The natural TP source would be consistent with 
the hypothesis that the Lowland Creek Volcanics and aplitic rock underlying Grove Gulch have 
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significant phosphorus content.  Physical weathering of the geologic formations is predicted to 
be the primary route to allow orthophosphate to leach into the surface water. 
4.2. Heavy Metal Sources 
This thesis work indentified several heavy metal pollutants of concern in Grove Gulch.  
These findings are consistent with the anthropogenic sources from historic mining and milling 
operations.  The main source of contamination – in both surface water and soils and sediments – 
appears to originate from the CMRC.  The pollutants that were identified to be a risk include 
arsenic, copper, iron, lead, and zinc.  The following sections describe the history of the CMRC 
and the potential sources. 
4.2.1. Clark’s Zinc Mill 
As mentioned in section 1.5.1, the tailings from Clark’s Timber Butte Zinc Mill 
contained high concentrations of zinc and iron, and were poorly impounded underneath the 
CMRC site.  It is hypothesized that these tailings leach high concentrations of zinc and iron into 
Grove Gulch, via both overland flow and sediment leaching.  This is illustrated by the substantial 
increase in zinc and iron concentrations at the Hanson Road sampling site when compared to 
concentrations obtained upstream of the CMRC. 
4.2.2. Colorado Tailings 
As mentioned in section 1.5.2, the Colorado tailings were impounded in the same 
repository as the Clark’s Tailings, near the Grove Gulch stream channel.  Since copper, lead, and 
zinc pollutants were the same metals found in Grove Gulch after analysis, it is predicted that 
leachate from these tailings could also be contaminating the Grove Gulch surface water. 
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4.2.3. CMRC 
After the Colorado Tailings and Clark’s Tailings were impounded in a repository at the 
CMRC site in 1998, a geomembrane and approximately 24 inches of soil was added on top of the 
repository before the park was constructed.  In addition, the Old Butte-Silver Bow Municipal 
Landfill was in operation at this site before relocation of the tailings, and the municipal solid 
waste is contributing a potential source of contamination.  Grove Gulch was routed underneath 
the park in a metal pipe in a wooden flume-like structure, and hasn’t been disturbed in 
approximately 15 years (section 1.5.4).  One plausible explanation for the leaching of 
contaminants is that the cover, wooden flume, or pipe are failing, allowing a route for 
groundwater contamination to enter Grove Gulch. 
4.2.4. Impact on BTC 
The highest concentrations of these pollutants were generally measured at the Hanson 
Road sampling site; however, concentrations remained consistently high at all sampling sites 
downstream of the CMRC during all flow stages.  It is predicted that the generally lower 
concentrations measured at the GG 14 sampling site are due to a significant influx of 
groundwater at the site, which acts as a diluting agent to the concentrations of pollutants 
measured at this site.  However, phosphorus (during all sampling events) and nitrogen (during 
storm runoff events) exceed the MTDEQ surface water standards for the Middle Rockies 
Ecoregion III.  In addition, the total recoverable metals concentrations significantly exceed the 
Montana DEQ-7 Circular Water Quality Standards for arsenic, copper, lead, iron, and zinc at this 
location for both base-flow and storm runoff events.  Due to the high concentrations of these 
pollutants, they are contributing significant nutrient as well as heavy metals loading upon their 
discharge to BTC. 
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4.3. Recommended BMPS 
BMPs for the reduction of TN and TP loading, as well as the minimization of heavy 
metal pollutants in surface water, were researched.  The goal of this investigation was to 
determine the most site-specific BMPs that are suitable for Grove Gulch, and remove the 
contaminants of concern to the greatest efficiency possible. 
The main source of TN in Grove Gulch is in the form of organic nitrogen, possibly 
transported to the creek from overland flow.  The main source of TP is from natural sources, but 
overland flow contributes phosphorus loading as orthophosphate as well.  Of the BMPs 
investigated to reduce nitrogen and phosphorus loading, vegetated stream buffers presented the 
greatest opportunity for implementation when taking into account Grove Gulch’s geography and 
channel slopes. 
The main heavy metal pollutants found in Grove Gulch throughout the course of this 
study were arsenic, copper, lead, and zinc.  The source of these pollutants is primarily from the 
historic milling activities and mine tailings impounded under the CMRC.  The most feasible 
BMP to reduce heavy metal loading was determined to be a subsurface woodchip bioreactor, 
preferably located just before the stream’s discharge into BTC.  
4.3.1. Vegetated Stream Buffers 
Vegetated stream buffers were determined to be the most effective option for reducing 
TN and TP loading in Grove Gulch.  It has been demonstrated on flat areas that an approximately 
10-foot wide filter strip could reduce TN and TP concentrations by approximately 50% (Grismer 
et al., 2006).  This treatment type is not effective at locations where channel slope is greater than 
15% (Grismer et al., 2006).  Therefore, implementation of vegetated stream buffers would be 
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limited to site-specific locations where the terrain would allow for the greatest removal 
efficiency. 
Figure 35 shows a BSB property location on Grove Gulch that could accommodate a 
vegetated stream buffer strip.  The strip could be comprised of native grasses or woody 
vegetation, and the relatively flat land would allow for a narrow buffer width.  There are multiple 
locations along Grove Gulch where this type of vegetated stream buffer implementation could be 
effective.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 35. Proposed vegetated stream buffer location along Grove Gulch. 
 
4.3.2. Subsurface Bioreactor 
The high concentrations of metals leaching into Grove Gulch downstream of the CMRC 
warrants a BMP located at a single location to remove these pollutants before discharge into 
higher-order streams.  The most feasible BMP was determined to be a subsurface bioreactor.  
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These reactors can effectively treat nitrogen and dissolved heavy metals in surface waters by 
denitrification and precipitation as metal sulfides, respectively.  
The removal efficiencies for heavy metals such as copper, iron, and zinc have been 
demonstrated to reach as high as 99% (Butler et al., 2011).  The proposed location to implement 
such a bioreactor is at the GG 14 sampling location, directly before the Grove Gulch water enters 
BTC.  This location is on public land with ample space, with a well-defined stream channel, both 
of which would be beneficial for installing a subsurface bioreactor.  Figure 36 shows this 
location. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 36. Proposed subsurface bioreactor location along Grove Gulch. 
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4.3.3. Potential Benefits to BTC 
If vegetated stream buffers and a subsurface bioreactor are installed on Grove Gulch, 
dramatic decreases in nutrient and heavy metal concentrations could be anticipated.  Table XIII 
summarizes these efficiencies with the concentrations measured during the October sampling 
event at the GG 14 site for the heavy metal pollutants and nutrients of concern. 
 
Table XIII. Heavy metal and nutrient concentrations versus BMP removal 
efficiencies. 
Contaminant BMP 
Maximum 
Removal 
Efficiency 
Measured GG 14 
Concentration (Oct. 
2015) 
Estimated 
Concentration (Post-
Treatment) 
Nitrogen 
Vegetated 
Stream Buffer 
50% 0.93 mg/L 0.47 mg/L 
Phosphorus 
Vegetated 
Stream Buffer 
50% 0.60 mg/L 0.30 mg/L 
Copper 
Subsurface 
Bioreactor 
99% 18.65 µg/L 0.19 µg/L 
Iron 
Subsurface 
Bioreactor 
99% 4286 µg/L 43.9 µg/L 
Zinc 
Subsurface 
Bioreactor 
99% 196.4 µg/L 1.97 µg/L 
 
It can be seen from the table that the estimated heavy metal concentrations entering BTC 
post-treatment would be significantly lower, and would meet regulatory surface water quality 
standards.  The nutrient concentrations would not meet surface water standards; however, 
additional treatment methods for nutrient removal could make compliance with these standards 
feasible.  
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5. Conclusions 
There were several objectives to this thesis work on Grove Gulch.  First, nutrient and 
heavy metal concentrations, loads, and sources were determined and identified.  Second, BMPs 
to reduce contamination in Grove Gulch were researched and recommended.  Finally, the impact 
on higher-order streams was researched and quantified, with the ultimate goal of improving 
surface water quality in high-order streams. 
5.1. Nutrient Loading and Sources 
The results of the temporal and spatial variation of the nutrient loading sampling showed 
that in general, nutrient concentrations increased from the head of the stream to the discharge 
point in BTC.  This trend was more pronounced during storm runoff events, where 
concentrations measured at the GG 14 sampling site were recorded to be 0.93 mg/L TN and 0.63 
mg/L TP during the October sampling event.  These concentrations are much greater than the 
allowed surface water concentrations of 0.10 mg/L and 0.03 mg/L, respectively.  In addition, the 
base-flow concentrations for TP exceeded this standard for all sampling events, and the nitrogen 
concentrations exceeded the TN concentration allocation as well. 
The primary source of TN in Grove Gulch is believed to be from agricultural land-use, 
specifically from manure, where overland flow deposits nitrogen-containing organic matter in 
the surface water.  There are two sources thought to contribute TP to the creek; one 
anthropogenic due to land use, and the other from a consistent source due to surficial geology.  
This natural source was characterized by a constant input of TP, both spatially and temporally.  
5.2. Heavy Metal Loading and Sources 
The results of the sampling and analysis for heavy metals indicated that high 
concentrations of metals in surface water, soil, and sediment are found in all sampling locations 
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downstream of the CMRC.  The spatial concentration increase was clearly represented during the 
storm runoff sampling and base-flow sampling during November and December.  During the 
October sampling event, the arsenic, copper, iron, lead, and zinc total recoverable metals 
concentrations at the GG 14 sampling site were found to be 399.0, 18.65, 4286, 25.4, and 196.4 
µg/L respectively.  During the November sampling event, the arsenic, copper, iron lead, and zinc 
total recoverable metals concentrations at the GG 14 sampling site were found to be 238.2, 81.2, 
19370, 49.49, and 201.4 µg/L respectively.  All these concentrations greatly exceed the MTDEQ 
Circular-7 surface water standards. 
It is believed that the source for all the heavy metal contamination lies below the CMRC.  
Groundwater percolating through the Clark’s Tailings and the Colorado Tailings possibly 
leaches metals from the tailings.  The contaminated groundwater then seeps into Grove Gulch 
causing the stream to be contaminated with heavy metals. 
5.3. BMPs 
The results of this study indicated that there are anthropogenic sources of TN and TP in 
Grove Gulch, as well as high concentrations of heavy metals downstream of the CMRC.  With 
these sources in mind, BMPs were recommended that would allow the greatest removal 
efficiency, and thus the most benefit to higher-order streams. 
It was determined that vegetated stream buffers would offer the greatest removal 
efficiency for TN and TP, by up to 50%.  These vegetated strips would be located where the 
stream bank slope is minimal, and where there is known contamination sources entering the 
creek.  It was also hypothesized that a subsurface bioreactor could allow for high removal rates 
of copper, zinc, and iron, with efficiencies reaching 99%.  The proposed bioreactor would be 
89 
located before Grove Gulch’s discharge into BTC, allowing for maximum metals removal before 
its confluence. 
It is believed that a major fraction of TP entering Grove Gulch originates from natural 
sources; therefore, BMPs would not be effective in removing this phosphorus load.  The 
phosphorus load allocation would have to be adjusted for naturally-occurring background levels 
to meet current water quality standards (MTDEQ, 2014). 
5.4. Impact on Higher-Order Streams 
This study of Grove Gulch provides valuable information for sampling plans for heavy 
metal and nutrient loading in small tributary or headwater streams and its impact on larger, 
higher-order streams and rivers.  The results show that a small tributary stream that is 
contaminated with large concentrations of pollutants can largely affect the surface water quality 
of the water it discharges into, even with negligible flow rates.  This is an important aspect when 
considering design and reclamation plans for higher-order streams, specifically for the Butte 
Area One Superfund Site. 
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6. Future Work and Recommendations 
This study has identified several recommendations for future study to further 
understanding of Grove Gulch’s impact on higher-order streams within the Clark Fork River 
Watershed. 
6.1. Temporal Variation in Field Sampling 
This thesis work involved conducting six sampling events during the June through 
December months.  These events represented a variety of flow conditions, including snow-melt 
runoff, base flow, and storm events.  However, it was found that base flow concentrations for 
metals were much higher during November base-flow sampling as compared to August base-
flow sampling.  In addition, no sampling was conducted during the spring field season; during 
the beginning of spring break-up and throughout the April and May months.  A complete 12-
month sampling plan is recommended to completely characterize temporal variations in Grove 
Gulch, and help to explain discrepancies in concentration data within the same flow stages. 
6.2. Quantification of Flow Rates 
Flow rates could only be obtained at two locations on Grove Gulch due to the character 
of the channel.  Although it is unrealistic to obtain flow rates through the entire reach of the 
stream, more accurate quantification of the flow rates at sampling site GG 14 where Grove Gulch 
discharges into BTC is recommended.  The flow rates obtained for this thesis contain a certain 
degree of error due to the low, sporadic stream velocity.  Therefore, the installation of a V-notch 
weir across the entire channel at this location is recommended, along with the use of a 
Levelogger water level data logger to gauge stream flow.  This will ensure that total flow in the 
creek will pass through the weir, and continuous water level data collection by the data logger 
91 
will allow for more accurate flow rates into BTC.  This is necessary to quantify nutrient and 
metal loads into BTC, and completely understand the impacts on higher-order streams.  
6.3. Groundwater Contributions 
To quantify how much groundwater influx is contributing to the Grove Gulch flow, an 
investigation into the groundwater contribution is recommended.  Groundwater sampling would 
be most beneficial along the last third of Grove Gulch, where heavy metal contamination is of 
concern.  Groundwater well sampling, within the floodplain and the Grove Gulch watershed, 
would allow for better understanding of the contribution of TP from geologic sources.  
Furthermore, groundwater alkalinity has been used as a tracer to determine groundwater 
contributions to surface water (Siegel and Glaser, 1978), and could provide beneficial data on the 
percentage of groundwater in Grove Gulch.  There are groundwater data available from the 
MBMG GWIC for Grove Gulch, but these data was collected before the installation of the 
CMRC.  However, there are opportunities to collect more well data from the Grove Gulch 
drainage in the future. 
6.4. Implementation of BMPs 
As discussed, vegetated stream buffers and subsurface bioreactors provide opportunity to 
reduce nutrient and metals loading into Grove Gulch before discharge into BTC.  
Implementation of one or both of these BMPs is the next chronological step in reducing the 
negative impacts on the stream channel.  More specifically, a preliminary design of a subsurface 
bioreactor should be drafted, and possibly a bench scale representation of the bioreactor be 
implemented and tested with concentrations of pollutants representative to those determined in 
this study.  This would allow for baseline removal efficiencies before implementation, and if 
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successful, would be of great interest to various groups working to restore surface water quality 
in higher-order streams.  
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Appendix A: Sampling Locations and Ownership 
Table A, I. Sampling locations and ownership 
Sample 
Site ID 
Distance From 
Headwaters (Miles) 
Stream 
Characterization 
Ownership Latitude Longitude 
GG 1 0.00 Spring Private 45.939148 -112.591240 
GG 2 0.23 Pond Private 45.941079 -112.589246 
GG 3 0.33 Pond Private 45.941812 -112.590323 
GG 4 0.40 Pond Private 45.942705 -112.589603 
GG 5 1.59 Pond Private 45.949556 -112.570223 
GG 6 3.27 Stream BSB 45.964464 -112.556088 
GG 7 3.88 Stream BSB 45.972484 -112.557100 
GG 8 4.17 Pond BSB 45.975440 -112.553759 
GG 9 4.27 Stream BSB 45.976036 -112.552949 
GG 10 4.40 Pond BSB 45.977358 -112.551221 
GG 11 5.14 Stream BSB 45.982219 -112.538675 
GG 12 5.24 Stream Private 45.983240 -112.537206 
GG 13 5.31 Pond Private 45.983270 -112.535921 
GG 14 6.07 Stream BSB 45.990963 -112.528659 
BTC 1 N.A. Stream BSB 45.991423 -112.527983 
BTC 2 N.A. Stream BSB 45.991575 -112.528368 
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Appendix B: Sample Site Characterization and Photos 
This section details each sample site in terms of physical characterization, as well as 
photos of each site. 
GG 1, River Mile 0.0 (Headwaters) 
Sample site GG 1 is located on private land, in primarily open, slightly forested, rolling range.  
There is no definitive stream channel, and flow is present during spring and early summer 
months from snowmelt runoff and groundwater contribution from an underground spring.  
Sampling was conducted here during June, with grab samples taken at the upper-most location 
where flowing water was present. 
 
Figure B, 1. GG 1 sampling location. 
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 GG 2, River Mile 0.23 
Sample site GG 2 is located on private land, in marshy, brush-dominated open land.  It is an 
approximately three-foot deep, 100-foot across pond, located on the stream channel.  Sampling 
was completed at this location during August, with grab samples taken on the downstream 
(north) end of the pond, approximately three feet off of the shore. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B, 2. GG 2 sampling location. 
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 GG 3, River Mile 0.33 
Sample site GG 3 is located on private land, on flat terrain just east of a forested hillside.  It is an 
approximately four-foot deep, 75-foot across pond, located approximately 200 feet from the 
stream channel, but fed by Grove Gulch surface water.  Sampling was completed at this location 
during June and August, with grab samples taken on the upstream (south) end of the pond, 
approximately three feet offshore. 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B, 3. GG 3 sampling location. 
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GG 4, River Mile 0.40 
Sample site GG 4 is located on private land, on flat terrain just west of a forested hillside.  It is 
an approximately four-foot deep, 100-foot across pond, located approximately 100 feet from the 
stream channel, but fed by Grove Gulch surface water.  Sampling was completed at this location 
during June and August, with grab samples taken on the downstream (north) end of the pond, 
approximately three feet offshore. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B, 4. GG 4 sampling location. 
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 GG 5, River Mile 1.59 
Sample site GG 5 is located on private land, on slightly sloped channel in a marshy, brush 
dominated area.  It is an approximately 1.5-foot deep, 30-foot across pond, located on the stream 
channel.  Sampling was completed at this location during June and August, with grab samples 
taken on the downstream (north) end of the pond, approximately three feet offshore. 
 
 Figure B, 5. GG 5 sampling location. 
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GG 6, River Mile 3.27 
Sample site GG 6 is located on BSB land, alongside Little Basin Creek Road to the west.  Grove 
Gulch at this location is an approximately 2-foot wide, 8-inch deep stream, with moderate 
channel slope.  The surrounding land is primarily open range, with steep, rocky banks.  Sampling 
was completed at this location during June, August, September, October, and November, with 
grab samples taken on the downstream side of the culvert under Little Basin Creek Road. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B, 6. GG 6 sampling location. 
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GG 7, River Mile 3.88 
Sample site GG 7 is located on BSB land, alongside Little Basin Creek Road to the east.  Grove 
Gulch at this location is an approximately 3-foot wide, 1.5-foot deep stream, with minimal 
channel slope.  The surrounding land is primarily bush-dominated marsh land, with minimum 
stream banks.  Sampling was completed at this location during October and November, with grab 
samples taken on the downstream side of the culvert under Little Basin Creek Road. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B, 7. GG 7 sampling location. 
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GG 8, River Mile 4.17 
Sample site GG 8 is located on BSB land, on flat, marshy terrain.  It is an approximately four-
foot deep, 200-foot across pond, located on the stream channel.  The pond is an artificially-
constructed detention pond, with an uncontrollable earthen berm outlet.  Sampling was 
completed at this location during June and August, with grab samples taken on the upstream 
(west) side of the pond, just outside the fenced section of pond. 
 
Figure B, 8 a. GG 8 sampling location. 
 
 
Figure B, 8 b. GG 8 sampling location. 
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GG 9, River Mile 4.27 
Sample site GG 9 is located BSB land, on flat, sandy soil terrain.  It is an approximately two-foot 
deep, 20-foot wide stream, with a large contribution of groundwater.  The stream channel acts as 
a catch basin for flow over the earthen-berm detention pond outlet.  Sampling was completed at 
this location during October and November, with grab samples taken just downstream of the 
berm outlet.  A Sonde was also installed at this location for a two-week period during November. 
 
Figure B, 9 a. GG 9 sampling location.                                                        Figure B, 9 b. GG 9 sampling location. 
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GG 10, River Mile 4.40 
Sample site GG 10 is located on BSB land, on flat, open ground.  It is an approximately 3-foot 
deep, 100-foot long pond, located on the stream channel.  Sampling was completed at this 
location during June, and the pond dries up after mid-July due to being downstream of the 
detention pond.  Grab samples were taken on the downstream (north) end of the pond, 
approximately three feet offshore. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B, 10. GG 10 sampling location. 
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 GG 11, River Mile 5.14 
Sample site GG 11 is located on BSB land, alongside Hanson Road to the west.  Grove Gulch at 
this location is an approximately 8-foot wide, 1.5-foot deep stream, with moderate channel slope.  
The surrounding land is primarily semi-urban, private land within the Butte city limits.  
Sampling was completed at this location during June, August, October, and November, with grab 
samples taken on the upstream side of the culvert under Hanson Road. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B, 11. GG 11 sampling location. 
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GG 12, River Mile 5.24 
Sample site GG 12 is located on private land, between Hanson and Rowe Roads.  Grove Gulch at 
this location is an approximately 2-foot wide, 1.5-foot deep stream, with moderate channel slope.  
This part of the stream dries up at the beginning of July.  The surrounding land is primarily semi-
urban, private land within the Butte city limits.  Sampling was completed at this location during 
June, with grab samples taken on the deepest location of this reach of stream. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B, 12. GG 12 sampling location. 
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 GG 13, River Mile 5.31 
Sample site GG 13 is located on private land, between Hanson and Rowe Roads.  Grove Gulch at 
this location is an approximately 100-foot wide, 3-foot deep pond, situated directly next to the 
stream channel and providing flow contribution to Grove Gulch.  The surrounding land is 
primarily semi-urban, private land within the Butte city limits.  Sampling was completed at this 
location during June and July, with grab samples taken on the downstream (north) end of the 
pond, approximately 3 feet offshore. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B, 13. GG 13 sampling location. 
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GG 14, River Mile 6.07 
Sample site GG 14 is located on BSB land, alongside Lexington Avenue to the east.  Grove 
Gulch at this location is an approximately 3-foot wide, 1.5-foot deep stream, with moderate 
channel slope.  The surrounding land is primarily marshy, public land within the Butte city 
limits.  Sampling was completed at this location during June, July, August, September, October, 
November, and December, with grab samples taken near the gauging staff.  This site was also 
used for a Sonde location for a two week period in November. 
 
        Figure B, 14 a. GG 14 sampling location.                                   Figure B, 14 b. GG 14 sampling location. 
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Appendix C: Field and Laboratory Instrument Calibrations 
 YSI EXO2 Multiparameter Sonde 
 The YSI EXO2 Multiparameter Sonde was used to measure water chemistry parameters 
in-stream at various sample sites.  These parameters included dissolved oxygen, pH, turbidity, air 
and water temperature, specific conductivity, and depth.  The probe was calibrated each time 
immediately before it was installed in the field.  This involved calibrating each probe.  The pH 
probe was calibrated with a three point calibration curve; with buffers of pH 4, 7, and 10 being 
used.  The conductivity probe was calibrated with a two point calibration curve; with standards 
of 143 µs and 1413 µs used.  The turbidity probe was calibrated with a three point calibration 
curve; with standards of 10 NTU, 50 NTU, and 100 NTU used.  The dissolved oxygen probe was 
calibrated with instantaneous barometric pressure readings obtained onsite.  After data 
collection, data was downloaded into Excel, and the YSI Sonde was stored with the probes in a 
pH 4 solution. 
 SEAL Analytical BD50 Block Digestion System 
 For several analyses, acid-based digestions were needed to convert the original sample to 
forms compatible with the instrumentation used.  The analyses that needed digestions included 
those for TP, TKN, total recoverable metals, and soil and sediment digestions.  For this, a SEAL 
BD50 Analytical Block Digestion System was utilized.  Prior to analysis, the digestion system 
was calibrated to within +/- 0.5° C with a thermometer at 25° C.  For total recoverable metals 
and soil and sediment analysis, a method was prepared to ramp up the digester temperature 1° C 
per minute, and maintain a temperature of 95° C for the duration of the procedure.  For both TP 
and TKN analysis, a method was prepared to ramp up the digester temperature 1° C per minute, 
maintain a temperature of 160°C for one hour, ramp up the digester temperature 1° C per minute 
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once again until 380° C was reached, and maintain that temperature for the duration of the 
procedure.  After digestion, all samples were allowed to cool to 25° C before analysis. 
 Marsh McBirney Flo-Mate 2000 
 The Marsh McBirney Flo-Mate 2000 was used to measure depth and flow rate at the 
sampling sites in the stream.  Depth and flow measurements were collected at equal intervals 
across the width of the stream, and the USGS midsection method was used to calculate the 
discharge of the stream.  Prior to taking velocity measurements, the flow sensor was allowed to 
stabilize in water, and the Flo-Mate was calibrated at zero stability, which was defined as +/- 
0.05 ft/sec according to the operating manual.  This was done in the field prior to each sampling 
event. 
 Thermo Scientific iCAP 6000 Series ICP-OES 
 The Thermo Scientific ICP-OES was operated according to EPA Method 200.7, 
“Determination of Metals and Trace Metals in Water and Wastes by Inductively Coupled 
Plasma-Atomic Emission Spectrometry.”  A five-point calibration curve was used for all 
analyses, and was made from a dilution of a pre-made multi-element standard.  The ICP-OES 
was calibrated before each sample run, with performance metrics and auto adjustments made 
before calibration.  QA/QC procedures were carried out according to Method 200.7, and include 
the following: 
 Laboratory Fortified Blank – Once every sample run 
 Laboratory Reagent Blank – Once every sample run 
 Temperature Blank – Once every sample run 
 Calibration Blank – Once at the beginning of every calibration 
 Laboratory Fortified Sample Matrix – Every 10 samples 
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 Instrument Performance Check (pre-made standard) – Every 10 samples 
 Laboratory Duplicate – Every 7 samples 
 Field Duplicate – Every 10 samples 
FIAlab-2500 Flow Injection Analyzer 
The FIAlab Flow Injection Analyzer was utilized for orthophosphate, nitrate+nitrite, 
ammonia, TP, and TKN analyses.  A five-point calibration curve was used for all analyses, and 
was made from a dilution of a pre-made standard.  The FIA was calibrated before each sample 
run, with performance metrics and auto adjustments made before calibration.  QA/QC 
procedures were carried out according to the respective EPA method, and include the following: 
 Laboratory Fortified Blank – Once every sample run 
 Laboratory Reagent Blank – Once every sample run 
 Temperature Blank – Once every sample run 
 Calibration Blank – Once at the beginning of every calibration 
 Laboratory Fortified Sample Matrix – Every 10 samples 
 Instrument Performance Check (pre-made standard) – Every 10 samples 
 Laboratory Duplicate – Every 7 samples 
 Field Duplicate – Every 10 samples 
 The following sections list the EPA methods that were used for each type of sample 
analysis. 
Orthophosphate: EPA Method 365.1, “Determination of phosphorus by semi-automated 
colorimetry,” was followed to determine orthophosphate concentrations. 
Nitrate+Nitrite: EPA Method 353.2, “Determination of nitrate-nitrite nitrogen by 
automated colorimetry,” was followed to determine nitrate and nitrite concentrations. 
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Ammonia: EPA Method 350.1, “Determination of ammonia-nitrogen by semi-automated 
colorimetry,” was followed to determine ammonia concentrations. 
Total Phosphorus: EPA Method 365.4, “Determination of total phosphorus by 
automated colorimetry,” was followed to determine total phosphorus concentrations. 
Total Kjeldahl Nitrogen: EPA Method 351.2, “Determination of total Kjeldahl 
Nitrogen by semi-automated colorimetry,” was followed to determine TKN concentrations. 
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Appendix D: Minimum Detection Limits 
 The following tables summarize the calculated minimum detection limits for the FIA and 
ICP-OES.  The MDLs for the ICP-OES were calculated using an analysis of seven individual 
0.100 mg/L samples.  The standard deviation and the MDL for the FIA were calculated for each 
nutrient according to the respective EPA procedure. 
Table B, I. Flow Injection Analyzer Minimum Detection Limits 
Nutrient Minimum Detection Limit (mg/L) 
Ammonia (as NH3
+) 0.101 
Nitrate + Nitrite (as NO3
-) 0.032 
Orthophosphate (as PO4
3-) 0.020 
Total Kjeldahl Nitrogen (as NH3
+) 0.388 
Total Phosphorus (as PO4
3-) 0.060 
 
Table C, II. ICP-OES Minimum Detection Limits 
Element Minimum Detection Limit (mg/L) 
Arsenic 0.0020 
Beryllium 0.0025 
Calcium 0.1229 
Cadmium 0.0018 
Cobalt 0.0014 
Chromium 0.0017 
Copper 0.0025 
Iron 0.0023 
Lithium 0.0013 
Magnesium 0.0053 
Manganese 0.0238 
Mercury 0.0851 
Molybdenum 0.0018 
Nickel 0.0024 
Lead 0.0019 
Antimony 0.0017 
Selenium 0.0058 
Strontium 0.0067 
Titanium 0.0010 
Thallium 0.0019 
Vanadium 0.0018 
Zinc 0.0016 
119 
Appendix E: Grove Gulch and BTC Stream Discharges 
Table E, I. Measured stream discharges for June – December, 2015 
Date Sample Site ID Discharge (cfs) 
6/18/2015 
GG 6 0.50 
GG 14 1.30 
8/10/2015 
GG 6 0.50 
GG 14 0.80 
9/5/2015 
GG 6 0.70 
GG 14 1.00 
10/26/2015 
GG 6 0.70 
GG 14 0.90 
11/15/2015 
GG 6 0.17 
GG 14 0.25 
12/9/2015 
GG 6 0.18 
GG 14 0.25 
BTC 1 10.4 
BTC 2 11.8 
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Appendix F: Total Dissolved Metals Surface Water Data 
Table F, I. June Total Dissolved Metals Concentrations (µg/L) 
 Sample Site Name 
Element GG 1 GG 2 GG 3 GG 4 GG 5 GG 6 GG 7 GG 8 GG 9 GG 10 GG 11 GG 12 GG 13 GG 14 
Arsenic 53.4 N.A. <MDL <MDL 0.9 <MDL N.A. <MDL N.A. <MDL <MDL <MDL <MDL <MDL 
Beryllium <MDL N.A. <MDL <MDL <MDL <MDL N.A. <MDL N.A. <MDL <MDL <MDL <MDL <MDL 
Calcium <MDL N.A. <MDL <MDL <MDL <MDL N.A. <MDL N.A. <MDL <MDL <MDL <MDL <MDL 
Cadmium <MDL N.A. <MDL <MDL <MDL <MDL N.A. <MDL N.A. <MDL <MDL <MDL <MDL <MDL 
Cobalt <MDL N.A. <MDL <MDL <MDL <MDL N.A. <MDL N.A. <MDL <MDL <MDL <MDL <MDL 
Chromium <MDL N.A. <MDL <MDL <MDL <MDL N.A. <MDL N.A. <MDL <MDL <MDL <MDL <MDL 
Copper <MDL N.A. <MDL <MDL <MDL <MDL N.A. <MDL N.A. <MDL <MDL <MDL <MDL 22.3 
Iron 2186 N.A. 117.9 214.8 1088 136.1 N.A. 191.9 N.A. 211.6 222.7 258.4 258.0 764.9 
Lithium <MDL N.A. <MDL <MDL <MDL <MDL N.A. <MDL N.A. <MDL <MDL <MDL <MDL <MDL 
Magnesium 6760 N.A. 1003.5 2336 2785 3815 N.A. 4349 N.A. 4772 6003 7043 5889 8152 
Manganese 112.8 N.A. <MDL 80.4 88.7 63.45 N.A. 83.5 N.A. 151.3 132.1 702.7 242.9 2018 
Mercury <MDL N.A. <MDL <MDL <MDL <MDL N.A. <MDL N.A. <MDL <MDL <MDL <MDL <MDL 
Molybdenum <MDL N.A. <MDL <MDL <MDL <MDL N.A. <MDL N.A. <MDL <MDL <MDL <MDL <MDL 
Nickel <MDL N.A. <MDL <MDL <MDL <MDL N.A. <MDL N.A. <MDL <MDL <MDL <MDL <MDL 
Lead <MDL N.A. <MDL <MDL <MDL <MDL N.A. <MDL N.A. <MDL <MDL <MDL <MDL <MDL 
Antimony <MDL N.A. <MDL <MDL <MDL <MDL N.A. <MDL N.A. <MDL <MDL <MDL <MDL <MDL 
Selenium <MDL N.A. <MDL <MDL <MDL <MDL N.A. <MDL N.A. <MDL <MDL <MDL <MDL <MDL 
Strontium 138.7 N.A. 65.2 85 130 144.7 N.A. 159.6 N.A. 178.6 217.4 246.9 184.3 427.6 
Titanium <MDL N.A. <MDL <MDL <MDL <MDL N.A. <MDL N.A. <MDL <MDL <MDL <MDL <MDL 
Thallium <MDL N.A. <MDL <MDL <MDL <MDL N.A. <MDL N.A. <MDL <MDL <MDL <MDL <MDL 
Vanadium <MDL N.A. 169.2 164.7 162.1 155.1 N.A. 149.7 N.A. 143.9 127.0 114.0 123.3 107.7 
Zinc <MDL N.A. <MDL <MDL <MDL <MDL N.A. <MDL N.A. <MDL <MDL <MDL <MDL 53.9 
<MDL = Result below instrumentation minimum detection limit 
 
 
Table F, II. August Total Dissolved Metals Concentrations (µg/L) 
 Sample Site Name 
Element GG 1 GG 2 GG 3 GG 4 GG 5 GG 6 GG 7 GG 8 GG 9 GG 10 GG 11 GG 12 GG 13 GG 14 
Arsenic N.A. 14.7 <MDL 5.4 61.1 <MDL N.A. 13.75 N.A. N.A. 187.5 N.A. 38.8 10.0 
Beryllium N.A. <MDL <MDL <MDL <MDL <MDL N.A. <MDL N.A. N.A. <MDL N.A. <MDL <MDL 
Calcium N.A. <MDL <MDL <MDL <MDL <MDL N.A. <MDL N.A. N.A. <MDL N.A. <MDL <MDL 
Cadmium N.A. <MDL <MDL <MDL <MDL <MDL N.A. <MDL N.A. N.A. <MDL N.A. <MDL <MDL 
Cobalt N.A. <MDL <MDL <MDL <MDL <MDL N.A. <MDL N.A. N.A. 6.1 N.A. <MDL <MDL 
Chromium N.A. 174.7 164.1 164.1 176.5 155.5 N.A. 146.7 N.A. N.A. 171.2 N.A. 181.2 147.8 
Copper N.A. <MDL 4.35 <MDL 7.3 <MDL N.A. <MDL N.A. N.A. 466.9 N.A. <MDL 147.8 
Iron N.A. 42 91.3 641.1 1202 1003 N.A. 4899 N.A. N.A. 38920 N.A. 8406 94.9 
Lithium N.A. 4.7 5.0 5.9 8.1 7.25 N.A. 12.3 N.A. N.A. 16.9 N.A. 9.3 6.9 
Magnesium N.A. 6275 7324.5 8300 9326 11055 N.A. 14205 N.A. N.A. 17905 N.A. 12460 10520 
Manganese N.A. 130.8 26.45 102.8 339 428.6 N.A. 511.0 N.A. N.A. 251.3 N.A. 946.7 30.5 
Mercury N.A. <MDL <MDL <MDL <MDL <MDL N.A. <MDL N.A. N.A. <MDL N.A. <MDL <MDL 
Molybdenum N.A. <MDL <MDL <MDL <MDL <MDL N.A. <MDL N.A. N.A. <MDL N.A. <MDL 4.3 
Nickel N.A. <MDL <MDL <MDL <MDL <MDL N.A. <MDL N.A. N.A. <MDL N.A. <MDL <MDL 
Lead N.A. <MDL <MDL <MDL <MDL <MDL N.A. 2.05 N.A. N.A. 509.9 N.A. 299.8 <MDL 
Antimony N.A. <MDL <MDL <MDL <MDL <MDL N.A. <MDL N.A. N.A. <MDL N.A. <MDL <MDL 
Selenium N.A. <MDL <MDL <MDL <MDL <MDL N.A. <MDL N.A. N.A. <MDL N.A. <MDL <MDL 
Strontium N.A. 130.3 169.4 206.2 288.7 265.8 N.A. 381.4 N.A. N.A. 533.3 N.A. 313.2 270.3 
Titanium N.A. <MDL <MDL <MDL <MDL <MDL N.A. 11.6 N.A. N.A. 135.7 N.A. 32.2 <MDL 
Thallium N.A. <MDL <MDL <MDL <MDL <MDL N.A. <MDL N.A. N.A. 12.55 N.A. <MDL <MDL 
Vanadium N.A. <MDL <MDL <MDL <MDL <MDL N.A. <MDL N.A. N.A. <MDL N.A. 123.3 107.7 
Zinc N.A. <MDL 7.05 14.75 22.3 6.5 N.A. 44.7 N.A. N.A. 3329 N.A. 7168 448.8 
<MDL = Result below instrumentation minimum detection limit 
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Table F, III. September Total Dissolved Metals Concentrations (µg/L) 
 Sample Site Name 
Element GG 1 GG 2 GG 3 GG 4 GG 5 GG 6 GG 7 GG 8 GG 9 GG 10 GG 11 GG 12 GG 13 GG 14 
Arsenic N.A. N.A. N.A. N.A. N.A. 10.78 N.A. N.A. N.A. N.A. N.A. N.A. N.A. 9.83 
Beryllium N.A. N.A. N.A. N.A. N.A. <MDL N.A. N.A. N.A. N.A. N.A. N.A. N.A. <MDL 
Calcium N.A. N.A. N.A. N.A. N.A. <MDL N.A. N.A. N.A. N.A. N.A. N.A. N.A. <MDL 
Cadmium N.A. N.A. N.A. N.A. N.A. <MDL N.A. N.A. N.A. N.A. N.A. N.A. N.A. <MDL 
Cobalt N.A. N.A. N.A. N.A. N.A. <MDL N.A. N.A. N.A. N.A. N.A. N.A. N.A. <MDL 
Chromium N.A. N.A. N.A. N.A. N.A. <MDL N.A. N.A. N.A. N.A. N.A. N.A. N.A. <MDL 
Copper N.A. N.A. N.A. N.A. N.A. 18.35 N.A. N.A. N.A. N.A. N.A. N.A. N.A. 12.85 
Iron N.A. N.A. N.A. N.A. N.A. 295.8 N.A. N.A. N.A. N.A. N.A. N.A. N.A. 537.3 
Lithium N.A. N.A. N.A. N.A. N.A. 28.62 N.A. N.A. N.A. N.A. N.A. N.A. N.A. 33.7 
Magnesium N.A. N.A. N.A. N.A. N.A. 5413 N.A. N.A. N.A. N.A. N.A. N.A. N.A. 6520 
Manganese N.A. N.A. N.A. N.A. N.A. 244.7 N.A. N.A. N.A. N.A. N.A. N.A. N.A. 514.5 
Mercury N.A. N.A. N.A. N.A. N.A. <MDL N.A. N.A. N.A. N.A. N.A. N.A. N.A. <MDL 
Molybdenum N.A. N.A. N.A. N.A. N.A. <MDL N.A. N.A. N.A. N.A. N.A. N.A. N.A. <MDL 
Nickel N.A. N.A. N.A. N.A. N.A. <MDL N.A. N.A. N.A. N.A. N.A. N.A. N.A. <MDL 
Lead N.A. N.A. N.A. N.A. N.A. <MDL N.A. N.A. N.A. N.A. N.A. N.A. N.A. 4.03 
Antimony N.A. N.A. N.A. N.A. N.A. <MDL N.A. N.A. N.A. N.A. N.A. N.A. N.A. <MDL 
Selenium N.A. N.A. N.A. N.A. N.A. <MDL N.A. N.A. N.A. N.A. N.A. N.A. N.A. <MDL 
Strontium N.A. N.A. N.A. N.A. N.A. 211.8 N.A. N.A. N.A. N.A. N.A. N.A. N.A. 266.7 
Titanium N.A. N.A. N.A. N.A. N.A. 3.7 N.A. N.A. N.A. N.A. N.A. N.A. N.A. 8.9 
Thallium N.A. N.A. N.A. N.A. N.A. <MDL N.A. N.A. N.A. N.A. N.A. N.A. N.A. <MDL 
Vanadium N.A. N.A. N.A. N.A. N.A. <MDL N.A. N.A. N.A. N.A. N.A. N.A. N.A. <MDL 
Zinc N.A. N.A. N.A. N.A. N.A. 26.68 N.A. N.A. N.A. N.A. N.A. N.A. N.A. 579.3 
<MDL = Result below instrumentation minimum detection limit 
 
 
Table F, IV. October Total Dissolved Metals Concentrations (µg/L) 
 Sample Site Name 
Element GG 1 GG 2 GG 3 GG 4 GG 5 GG 6 GG 7 GG 8 GG 9 GG 10 GG 11 GG 12 GG 13 GG 14 
Arsenic N.A. N.A. N.A. N.A. N.A. <MDL 14.5 N.A. 10.2 N.A. 5.85 N.A. N.A. 29.65 
Beryllium N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. <MDL N.A. N.A. <MDL 
Calcium N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. <MDL N.A. N.A. <MDL 
Cadmium N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. <MDL N.A. N.A. <MDL 
Cobalt N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. <MDL N.A. N.A. <MDL 
Chromium N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. <MDL N.A. N.A. <MDL 
Copper N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. 10.95 N.A. N.A. 12.34 
Iron N.A. N.A. N.A. N.A. N.A. 166.3 2416 N.A. 1063 N.A. 1009 N.A. N.A. 2990 
Lithium N.A. N.A. N.A. N.A. N.A. 15.1 17.0 N.A. 10.7 N.A. 11.0 N.A. N.A. 8.8 
Magnesium N.A. N.A. N.A. N.A. N.A. 9869 10160 N.A. 10850 N.A. 12030 N.A. N.A. 12440 
Manganese N.A. N.A. N.A. N.A. N.A. 63.3 198.8 N.A. 369.9 N.A. 1084 N.A. N.A. 745.3 
Mercury N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. <MDL N.A. N.A. <MDL 
Molybdenum N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. <MDL N.A. N.A. <MDL 
Nickel N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. <MDL N.A. N.A. <MDL 
Lead N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. 6.2 N.A. N.A. 5.5 
Antimony N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. <MDL N.A. N.A. <MDL 
Selenium N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. <MDL N.A. N.A. <MDL 
Strontium N.A. N.A. N.A. N.A. N.A. 258.6 282.9 N.A. 211.2 N.A. 363.1 N.A. N.A. 416.7 
Titanium N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. 23.75 N.A. N.A. <MDL 
Thallium N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. <MDL N.A. N.A. <MDL 
Vanadium N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. <MDL N.A. N.A. <MDL 
Zinc N.A. N.A. N.A. N.A. N.A. 8.4 20.0 N.A. 4.9 N.A. 66.65 N.A. N.A. 113.1 
<MDL = Result below instrumentation minimum detection limit 
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Table F, V. November Total Dissolved Metals Concentrations (µg/L) 
 Sample Site Name 
Element GG 1 GG 2 GG 3 GG 4 GG 5 GG 6 GG 7 GG 8 GG 9 GG 10 GG 11 GG 12 GG 13 GG 14 
Arsenic N.A. N.A. N.A. N.A. N.A. <MDL 5.50 N.A. 11.0 N.A. 7.10 N.A. N.A. 73.9 
Beryllium N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. <MDL N.A. N.A. <MDL 
Calcium N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. <MDL N.A. N.A. <MDL 
Cadmium N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. <MDL N.A. N.A. <MDL 
Cobalt N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. <MDL N.A. N.A. <MDL 
Chromium N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. <MDL N.A. N.A. <MDL 
Copper N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. 6.70 N.A. 24.0 N.A. N.A. 34.85 
Iron N.A. N.A. N.A. N.A. N.A. 118.5 951.6 N.A. 1715 N.A. 1169 N.A. N.A. 3035 
Lithium N.A. N.A. N.A. N.A. N.A. 10.8 12.4 N.A. 11.0 N.A. 11.2 N.A. N.A. 25.85 
Magnesium N.A. N.A. N.A. N.A. N.A. 8964 9307 N.A. 11470 N.A. 11875 N.A. N.A. 12805 
Manganese N.A. N.A. N.A. N.A. N.A. 45.1 117.6 N.A. 2338 N.A. 967.0 N.A. N.A. 1616 
Mercury N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. <MDL N.A. N.A. <MDL 
Molybdenum N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. <MDL N.A. N.A. <MDL 
Nickel N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. 3.5 N.A. <MDL N.A. N.A. <MDL 
Lead N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. 21.9 N.A. N.A. 49.49 
Antimony N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. <MDL N.A. N.A. <MDL 
Selenium N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. <MDL N.A. N.A. <MDL 
Strontium N.A. N.A. N.A. N.A. N.A. 236.2 246.0 N.A. 345.4 N.A. 330.4 N.A. N.A. 415.8 
Titanium N.A. N.A. N.A. N.A. N.A. 3.7 <MDL N.A. <MDL N.A. 12.0 N.A. N.A. 10.1 
Thallium N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. <MDL N.A. N.A. <MDL 
Vanadium N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. <MDL N.A. N.A. <MDL 
Zinc N.A. N.A. N.A. N.A. N.A. 24.0 14.2 N.A. 19.5 N.A. 142.4 N.A. N.A. 201.4 
<MDL = Result below instrumentation minimum detection limit 
 
 
 
Table F, IV. December Total Dissolved Metals Concentrations (µg/L) 
 Sample Site Name 
Element GG 1 GG 2 GG 3 GG 4 GG 5 GG 6 GG 7 GG 8 GG 9 GG 10 GG 11 GG 12 GG 13 GG 14 
Arsenic N.A. N.A. N.A. N.A. N.A. 11.9 N.A. N.A. N.A. N.A. N.A. N.A. N.A. 108.6 
Beryllium N.A. N.A. N.A. N.A. N.A. <MDL N.A. N.A. N.A. N.A. N.A. N.A. N.A. <MDL 
Calcium N.A. N.A. N.A. N.A. N.A. <MDL N.A. N.A. N.A. N.A. N.A. N.A. N.A. <MDL 
Cadmium N.A. N.A. N.A. N.A. N.A. <MDL N.A. N.A. N.A. N.A. N.A. N.A. N.A. <MDL 
Cobalt N.A. N.A. N.A. N.A. N.A. <MDL N.A. N.A. N.A. N.A. N.A. N.A. N.A. <MDL 
Chromium N.A. N.A. N.A. N.A. N.A. <MDL N.A. N.A. N.A. N.A. N.A. N.A. N.A. 4.95 
Copper N.A. N.A. N.A. N.A. N.A. 68.5 N.A. N.A. N.A. N.A. N.A. N.A. N.A. 95.95 
Iron N.A. N.A. N.A. N.A. N.A. 1198 N.A. N.A. N.A. N.A. N.A. N.A. N.A. 12630 
Lithium N.A. N.A. N.A. N.A. N.A. 21.5 N.A. N.A. N.A. N.A. N.A. N.A. N.A. 60.94 
Magnesium N.A. N.A. N.A. N.A. N.A. 9016 N.A. N.A. N.A. N.A. N.A. N.A. N.A. 11115 
Manganese N.A. N.A. N.A. N.A. N.A. 1664 N.A. N.A. N.A. N.A. N.A. N.A. N.A. 2090 
Mercury N.A. N.A. N.A. N.A. N.A. <MDL N.A. N.A. N.A. N.A. N.A. N.A. N.A. <MDL 
Molybdenum N.A. N.A. N.A. N.A. N.A. <MDL N.A. N.A. N.A. N.A. N.A. N.A. N.A. <MDL 
Nickel N.A. N.A. N.A. N.A. N.A. 34.5 N.A. N.A. N.A. N.A. N.A. N.A. N.A. 19.5 
Lead N.A. N.A. N.A. N.A. N.A. 7.30 N.A. N.A. N.A. N.A. N.A. N.A. N.A. 4.03 
Antimony N.A. N.A. N.A. N.A. N.A. <MDL N.A. N.A. N.A. N.A. N.A. N.A. N.A. <MDL 
Selenium N.A. N.A. N.A. N.A. N.A. <MDL N.A. N.A. N.A. N.A. N.A. N.A. N.A. <MDL 
Strontium N.A. N.A. N.A. N.A. N.A. 473.2 N.A. N.A. N.A. N.A. N.A. N.A. N.A. 552.1 
Titanium N.A. N.A. N.A. N.A. N.A. <MDL N.A. N.A. N.A. N.A. N.A. N.A. N.A. 2.85 
Thallium N.A. N.A. N.A. N.A. N.A. <MDL N.A. N.A. N.A. N.A. N.A. N.A. N.A. <MDL 
Vanadium N.A. N.A. N.A. N.A. N.A. <MDL N.A. N.A. N.A. N.A. N.A. N.A. N.A. 3.95 
Zinc N.A. N.A. N.A. N.A. N.A. 129.2 N.A. N.A. N.A. N.A. N.A. N.A. N.A. 511.4 
<MDL = Result below instrumentation minimum detection limit 
 
123 
Appendix G: Total Recoverable Metals Surface Water Data 
Table G, I. October Total Recoverable Metals Concentrations (µg/L) 
 Sample Site Name 
Element GG 1 GG 2 GG 3 GG 4 GG 5 GG 6 GG 7 GG 8 GG 9 GG 10 GG 11 GG 12 GG 13 GG 14 
Arsenic N.A. N.A. N.A. N.A. N.A. <MDL 13.1 N.A. 73.0 N.A. 22.3 N.A. N.A. 399.0 
Beryllium N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. <MDL N.A. N.A. <MDL 
Calcium N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. <MDL N.A. N.A. <MDL 
Cadmium N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. <MDL N.A. N.A. <MDL 
Cobalt N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. <MDL N.A. N.A. <MDL 
Chromium N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. <MDL N.A. N.A. <MDL 
Copper N.A. N.A. N.A. N.A. N.A. 7.90 <MDL N.A. <MDL N.A. 7.45 N.A. N.A. 18.65 
Iron N.A. N.A. N.A. N.A. N.A. 173.4 2303 N.A. 1054 N.A. 1650 N.A. N.A. 4286 
Lithium N.A. N.A. N.A. N.A. N.A. 13.0 15.2 N.A. 9.3 N.A. 9.95 N.A. N.A. 16.25 
Magnesium N.A. N.A. N.A. N.A. N.A. 9296 9737 N.A. 10430 N.A. 11660 N.A. N.A. 11970 
Manganese N.A. N.A. N.A. N.A. N.A. 58.5 186.6 N.A. 348 N.A. 1013 N.A. N.A. 691.4 
Mercury N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. <MDL N.A. N.A. <MDL 
Molybdenum N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. <MDL N.A. N.A. <MDL 
Nickel N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. 22.5 N.A. N.A. 10.05 
Lead N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. 10.2 N.A. N.A. 25.4 
Antimony N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. <MDL N.A. N.A. <MDL 
Selenium N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. <MDL N.A. N.A. <MDL 
Strontium N.A. N.A. N.A. N.A. N.A. 238.8 265.9 N.A. 288.9 N.A. 335.5 N.A. N.A. 381.9 
Titanium N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. 25.0 N.A. N.A. 2.80 
Thallium N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. <MDL N.A. N.A. <MDL 
Vanadium N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. <MDL N.A. N.A. <MDL 
Zinc N.A. N.A. N.A. N.A. N.A. 7.6 17.1 N.A. 4.10 N.A. 64.8 N.A. N.A. 196.4 
<MDL = Result below instrumentation minimum detection limit 
 
 
 
Table G, II. November Total Recoverable Metals Concentrations (µg/L) 
 Sample Site Name 
Element GG 1 GG 2 GG 3 GG 4 GG 5 GG 6 GG 7 GG 8 GG 9 GG 10 GG 11 GG 12 GG 13 GG 14 
Arsenic N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. 8.50 N.A. 20.6 N.A. N.A. 238.2 
Beryllium N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. <MDL N.A. N.A. <MDL 
Calcium N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. <MDL N.A. N.A. <MDL 
Cadmium N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. <MDL N.A. N.A. <MDL 
Cobalt N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. <MDL N.A. N.A. <MDL 
Chromium N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. <MDL N.A. N.A. <MDL 
Copper N.A. N.A. N.A. N.A. N.A. 8.20 <MDL N.A. 10.70 N.A. 12.75 N.A. N.A. 81.2 
Iron N.A. N.A. N.A. N.A. N.A. 147.4 244.1 N.A. 1805 N.A. 430.0 N.A. N.A. 19370 
Lithium N.A. N.A. N.A. N.A. N.A. 9.2 10.5 N.A. 9.4 N.A. 9.25 N.A. N.A. 25.85 
Magnesium N.A. N.A. N.A. N.A. N.A. 8708 8862 N.A. 10980 N.A. 11340 N.A. N.A. 12805 
Manganese N.A. N.A. N.A. N.A. N.A. 38.9 94.9 N.A. 2222 N.A. 613.3 N.A. N.A. 1616 
Mercury N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. <MDL N.A. N.A. <MDL 
Molybdenum N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. <MDL N.A. N.A. <MDL 
Nickel N.A. N.A. N.A. N.A. N.A. <MDL 4.2 N.A. 5.8 N.A. <MDL N.A. N.A. <MDL 
Lead N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. 18.1 N.A. N.A. 49.49 
Antimony N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. <MDL N.A. N.A. <MDL 
Selenium N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. <MDL N.A. N.A. <MDL 
Strontium N.A. N.A. N.A. N.A. N.A. 219.8 228.5 N.A. 317.2 N.A. 307.2 N.A. N.A. 415.8 
Titanium N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. <MDL N.A. N.A. <MDL 
Thallium N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. <MDL N.A. N.A. <MDL 
Vanadium N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. <MDL N.A. N.A. <MDL 
Zinc N.A. N.A. N.A. N.A. N.A. 9.50 8.2 N.A. 17.5 N.A. 495.0 N.A. N.A. 201.4 
<MDL = Result below instrumentation minimum detection limit 
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Appendix H: Total Recoverable Metals Soil and Sediment Data 
Table H, I. June Total Recoverable Metals Concentrations – Soil (mg/kg) 
 Sample Site Name 
Element GG 1 GG 2 GG 3 GG 4 GG 5 GG 6 GG 7 GG 8 GG 9 GG 10 GG 11 GG 12 GG 13 GG 14 
Arsenic 23.54 N.A. 9.729 3.359 29.94 9.042 N.A. 11.71 N.A. 29.33 57.89 48.90 101.1 70.08 
Beryllium <MDL N.A. <MDL <MDL <MDL 0.0863 N.A. <MDL N.A. 0.1381 0.252 0.0954 0.291 0.4084 
Calcium N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 
Cadmium 0.6237 N.A. 0.3444 <MDL 0.9777 <MDL N.A. <MDL N.A. 0.4873 2.771 4.676 72.83 3.545 
Cobalt 3.897 N.A. 4.304 10.29 5.464 6.987 N.A. 5.303 N.A. 11.54 7.443 6.248 27.68 7.153 
Chromium <MDL N.A. <MDL <MDL <MDL <MDL N.A. <MDL N.A. <MDL <MDL <MDL <MDL <MDL 
Copper 46.86 N.A. 469.3 17.74 33.53 24.42 N.A. 20.57 N.A. 47.30 207.4 309.9 482.6 467.2 
Iron 8671 N.A. 8621 11911 8929 9821 N.A. 8799 N.A. 12238 11080 10013 7052 8907 
Lithium 26.88 N.A. 28.02 68.74 33.14 35.81 N.A. 27.01 N.A. 60.48 38.92 31.17 18.06 51.83 
Magnesium N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 
Manganese 113.5 N.A. 262.8 298.02 336.3 167.5 N.A. 398.5 N.A. 1352 1212 1943 1744 1078 
Mercury N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 
Molybdenum 0.5167 N.A. 0.5740 0.3298 0.7971 1.164 N.A. 0.5306 N.A. 1.472 2.771 2.219 7.185 1.947 
Nickel 3.265 N.A. 3.044 6.051 3.398 5.474 N.A. 3.476 N.A. 8.458 10.05 5.881 13.86 7.086 
Lead 19.06 N.A. 42.28 6.925 15.83 10.13 N.A. 11.84 N.A. 56.02 181.3 307.1 422.9 266.5 
Antimony 0.5462 N.A. 1.644 0.7084 0.4849 0.6884 N.A. 0.5470 N.A. 3.753 0.8325 0.9626 3.661 1.126 
Selenium 0.6563 N.A. 0.6938 0.1002 0.3946 0.0463 N.A. 0.8260 N.A. 0.4267 0.7987 1.406 8.175 0.5242 
Strontium 27.50 N.A. 15.82 23.68 23.01 25.85 N.A. 12.05 N.A. 43.10 38.92 36.83 63.47 77.98 
Titanium 548.7 N.A. 429.9 11.86 529.5 646.1 N.A. 658.1 N.A. 872.5 548.7 578.3 237.2 665.3 
Thallium <MDL N.A. <MDL <MDL <MDL <MDL N.A. <MDL N.A. <MDL <MDL <MDL 15.31 <MDL 
Vanadium <MDL N.A. <MDL <MDL <MDL <MDL N.A. <MDL N.A. <MDL <MDL <MDL <MDL <MDL 
Zinc 36.99 N.A. 83.25 41.89 41.87 34.82 N.A. 32.27 N.A. 140.5 516.9 637.7 1049.5 492.8 
<MDL = Result below instrumentation minimum detection limit 
 
 
Table H, II. August Total Recoverable Metals Concentrations – Sediment (mg/kg) 
 Sample Site Name 
Element GG 1 GG 2 GG 3 GG 4 GG 5 GG 6 GG 7 GG 8 GG 9 GG 10 GG 11 GG 12 GG 13 GG 14 
Arsenic N.A. 1.984 20.14 2.705 22.77 4.351 N.A. 6.581 N.A. 25.04 300.8 68.16 52.13 28.32 
Beryllium N.A. <MDL <MDL <MDL <MDL <MDL N.A. 0.0201 N.A. 0.2852 0.4214 0.0569 0.1539 0.0483 
Calcium N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 
Cadmium N.A. <MDL 0.166 <MDL 1.433 <MDL N.A. 0.0567 N.A. 0.4052 10.40 3.591 19.74 1.491 
Cobalt N.A. 3.879 10.70 2.719 4.816 3.586 N.A. 5.610 N.A. 9.370 6.932 6.039 7.763 3.794 
Chromium N.A. <MDL <MDL <MDL <MDL <MDL N.A. <MDL N.A. <MDL <MDL <MDL <MDL <MDL 
Copper N.A. 19.55 38.86 11.74 53.93 22.80 N.A. 26.64 N.A. 36.24 669.5 211.4 270.2 133.3 
Iron N.A. 7126 10194 6446 10394 7640 N.A. 8633 N.A. 9666 12014 9698 8887 8747 
Lithium N.A. 24.68 55.71 14.48 29.87 18.08 N.A. 28.78 N.A. 51.65 45.18 26..37 24.67 20.17 
Magnesium N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 
Manganese N.A. 102.5 767.8 120.9 306.0 424.5 N.A. 305.9 N.A. 995.1 1875 1825 1710 591.5 
Mercury N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 
Molybdenum N.A. 0.3589 0.8699 0.3854 1.121 0.1.226 N.A. 0.5997 N.A. 0.5165 3.617 1.920 1.718 4.136 
Nickel N.A. 2.271 5.946 1.650 3.093 3.095 N.A. 4.639 N.A. 6.261 6.740 5.012 5.843 5.337 
Lead N.A. 4.745 45.31 15.17 36.66 13.42 N.A. 24.39 N.A. 195.7 1333 321.4 327.7 97.85 
Antimony N.A. 0.3015 0.5995 0.2546 0.5802 0.3021 N.A. 0.3785 N.A. 0.6713 1.3904 0.6282 0.5873 0.5776 
Selenium N.A. 0.5046 <MDL 0.4561 0.6478 0.5963 N.A. 0.2670 N.A. 0.0209 1.467 2.046 1.776 0.6360 
Strontium N.A. 7.873 15.52 7.692 12.10 17.69 N.A. 23.64 N.A. 33.53 33.31 35.69 31.62 25.74 
Titanium N.A. 507.3 710.80 325.8 563.0 440.4 N.A. 518.8 N.A. 643.0 615.4 466.8 404.9 359.6 
Thallium N.A. <MDL <MDL <MDL <MDL <MDL N.A. <MDL N.A. <MDL <MDL 0.5517 <MDL <MDL 
Vanadium N.A. <MDL <MDL <MDL <MDL <MDL N.A. <MDL N.A. <MDL <MDL <MDL <MDL <MDL 
Zinc N.A. 20.68 62.44 33.40 134.9 75.27 N.A. 61.75 N.A. 165.7 625.8 446.2 695.1 321.6 
<MDL = Result below instrumentation minimum detection limit 
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Appendix I: Nutrient Surface Water Data 
Table I, I. June Nutrient Concentrations (mg/L) 
 Sample Site Name 
Nutrient GG 1 GG 2 GG 3 GG 4 GG 5 GG 6 GG 7 GG 8 GG 9 GG 10 GG 11 GG 12 GG 13 GG 14 
Orthophosphate (PO43- - P) 0.53 N.A. 0.09 0.13 0.12 0.05 N.A. 0.10 N.A. 0.03 0.07 0.07 0.24 0.08 
Ammonia (NH3+ - N) <MDL N.A. <MDL <MDL <MDL <MDL N.A. <MDL N.A. <MDL <MDL <MDL <MDL <MDL 
Nitrate (NO3- – N)  0.03 N.A. 0.04 0.03 0.03 0.09 N.A. 0.03 N.A. 0.03 0.11 0.07 0.03 0.04 
TKN (NH3+ - N) <MDL N.A. <MDL <MDL <MDL <MDL N.A. <MDL N.A. <MDL <MDL <MDL <MDL <MDL 
<MDL = Result below instrumentation minimum detection limit 
Table I, II. June Total Nitrogen and Total Phosphorus Concentrations (mg/L) 
 Sample Site Name 
Nutrient GG 1 GG 2 GG 3 GG 4 GG 5 GG 6 GG 7 GG 8 GG 9 GG 10 GG 11 GG 12 GG 13 GG 14 
Total Nitrogen (N)* *Nitrogen species below instrumentation minimum detection limit 
Total Phosphorus (P) 0.74 N.A. 0.10 0.12 0.13 0.07 N.A. 0.07 N.A. <MDL 0.07 0.07 0.24 0.10 
<MDL = Result below instrumentation minimum detection limit 
Table I, III. August Nutrient Concentrations (mg/L) 
 Sample Site Name 
Nutrient GG 1 GG 2 GG 3 GG 4 GG 5 GG 6 GG 7 GG 8 GG 9 GG 10 GG 11 GG 12 GG 13 GG 14 
Orthophosphate (PO43- - P) N.A. 0.20 0.03 0.03 0.13 0.04 N.A. 0.23 N.A. N.A. 0.07 N.A. 0.22 0.32 
Ammonia (NH3+ - N) N.A. <MDL <MDL <MDL <MDL <MDL N.A. <MDL N.A. N.A. <MDL N.A. 0.34 <MDL 
Nitrate (NO3- – N)  N.A. 0.02 0.02 0.01 0.02 0.02 N.A. 0.02 N.A. N.A. 0.02 N.A. 0.02 0.02 
TKN (NH3+ - N) N.A. <MDL <MDL <MDL <MDL <MDL N.A. <MDL N.A. N.A. <MDL N.A. <MDL <MDL 
<MDL = Result below instrumentation minimum detection limit 
Table I, IV. August Total Nitrogen and Total Phosphorus Concentrations (mg/L) 
 Sample Site Name 
Nutrient GG 1 GG 2 GG 3 GG 4 GG 5 GG 6 GG 7 GG 8 GG 9 GG 10 GG 11 GG 12 GG 13 GG 14 
Total Nitrogen (N)* *Nitrogen species below instrumentation minimum detection limit 
Total Phosphorus (P) N.A. 1.01 1.03 0.97 1.02 1.03 N.A. 1.06 N.A. N.A. 1.06 N.A 1.07 0.85 
<MDL = Result below instrumentation minimum detection limit 
Table I, V. September Nutrient Concentrations (mg/L) 
 Sample Site Name 
Nutrient GG 1 GG 2 GG 3 GG 4 GG 5 GG 6 GG 7 GG 8 GG 9 GG 10 GG 11 GG 12 GG 13 GG 14 
Orthophosphate (PO43- - P) N.A. N.A. N.A. N.A. N.A. 0.31 N.A. N.A. N.A. N.A. N.A. N.A. N.A. 0.29 
Ammonia (NH3+ - N) N.A. N.A. N.A. N.A. N.A. <MDL N.A. N.A. N.A. N.A. N.A. N.A. N.A. 0.08 
Nitrate (NO3- – N)  N.A. N.A. N.A. N.A. N.A. 0.03 N.A. N.A. N.A. N.A. N.A. N.A. N.A. 0.52 
TKN (NH3+ - N) N.A. N.A. N.A. N.A. N.A. <MDL N.A. N.A. N.A. N.A. N.A. N.A. N.A. <MDL 
<MDL = Result below instrumentation minimum detection limit 
Table I, VI. September Total Nitrogen and Total Phosphorus Concentrations (mg/L) 
 Sample Site Name 
Nutrient GG 1 GG 2 GG 3 GG 4 GG 5 GG 6 GG 7 GG 8 GG 9 GG 10 GG 11 GG 12 GG 13 GG 14 
Total Nitrogen (N)* *Nitrogen species below instrumentation minimum detection limit 
Total Phosphorus (P) N.A. N.A. N.A. N.A. N.A. 1.15 N.A. N.A. N.A. N.A. N.A. N.A. N.A. 0.34 
<MDL = Result below instrumentation minimum detection limit 
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Table I, VII. October Nutrient Concentrations (mg/L) 
 Sample Site Name 
Nutrient GG 1 GG 2 GG 3 GG 4 GG 5 GG 6 GG 7 GG 8 GG 9 GG 10 GG 11 GG 12 GG 13 GG 14 
Orthophosphate (PO43- - P) N.A. N.A. N.A. N.A. N.A. 0.08 0.15 N.A. 0.13 N.A. 0.20 N.A. N.A. 0.33 
Ammonia (NH3+ - N) N.A. N.A. N.A. N.A. N.A. <MDL <MDL N.A. <MDL N.A. <MDL N.A. N.A. 0.19 
Nitrate (NO3-– N)  N.A. N.A. N.A. N.A. N.A. 0.14 0.11 N.A. 0.08 N.A. 0.17 N.A. N.A. 0.31 
TKN (NH3+ - N) N.A. N.A. N.A. N.A. N.A. 0.39  0.38 N.A. 0.45 N.A. 0.44 N.A. N.A. 0.62 
<MDL = Result below instrumentation minimum detection limit 
Table I, VII. October Total Nitrogen and Total Phosphorus Concentrations (mg/L) 
 Sample Site Name 
Nutrient GG 1 GG 2 GG 3 GG 4 GG 5 GG 6 GG 7 GG 8 GG 9 GG 10 GG 11 GG 12 GG 13 GG 14 
Total Nitrogen (N) N.A. N.A. N.A. N.A. N.A. 0.53 0.49 N.A. 0.53 N.A. 0.61 N.A. N.A. 0.93 
Total Phosphorus (P) N.A. N.A. N.A. N.A. N.A. 0.44 0.45 N.A. 0.49 N.A. 0.36 N.A. N.A. 0.60 
<MDL = Result below instrumentation minimum detection limit 
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Appendix J: Blacktail Creek Total Dissolved Metals Data 
Table J, I. December 2015 Total Dissolved Metals Concentrations (µg/L) 
 Sample Site 
Element BTC 1 BTC 2 
Arsenic <MDL 2.35 
Beryllium <MDL <MDL 
Calcium <MDL <MDL 
Cadmium <MDL <MDL 
Cobalt <MDL <MDL 
Chromium <MDL <MDL 
Copper 3.70 36.75 
Iron 1419 1734 
Lithium 27.3 29.0 
Magnesium 6142 4206 
Manganese 33.5 31.3 
Mercury <MDL <MDL 
Molybdenum <MDL <MDL 
Nickel 6.5 17.95 
Lead <MDL 4.50 
Antimony <MDL <MDL 
Selenium <MDL <MDL 
Strontium 236.3 246.6 
Titanium <MDL <MDL 
Thallium <MDL <MDL 
Vanadium <MDL <MDL 
Zinc 22.2 92.55 
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Appendix K: Grove Gulch Water Chemistry Data 
 
Figure K, 1. GG 9 sample site pH data. 
 
 
Figure K, 2. GG 14 sample site pH data. 
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Figure K, 3. GG 9 sample site turbidity data. 
 
 
Figure K, 4. GG 14 sample site turbidity data. 
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Figure K, 5. GG 9 sample site specific conductivity data. 
 
 
Figure K, 6. GG 14 sample site specific conductivity data. 
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Appendix L: BTC Heavy Metal Spatial Gradient Maps 
 
Figure L, 1. Dissolved zinc concentrations on BTC represented with graduated symbols for November, 2014. 
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Figure L, 2. Dissolved zinc concentrations on BTC represented with graduated symbols for April, 2015. 
 

